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ABSTRACT
MICROWAVE REACTOR ENGINEERING OF ZEOLITES
SYNTHESIS
FEBRUARY 2009
MURAD GHARIBEH
B.S., CHEMICAL ENGINEERING, JORDAN UNIVERSITY OF SCIENCE AND
TECHNOLOGY
M.S., CHEMICAL AND BIOMOLECULAR ENGINEERING, THE OHIO STATE
UNIVERSITY
Ph.D., CHEMICAL ENGINEERING, UNIVERSITY OF MASSACHUSETTS
AMHERST
Directed by: Professor W. Curtis Conner

Microwave chemistry has expanded over the last two decades due to the enhanced
reaction rates achieved for many processes, including organic synthesis, inorganic
synthesis and polymerization. Significant time and energy saving can be realized using
microwave chemistry, which is important both commercially and for the environment.
One of the most exciting and commercially/technologically significant areas
where microwave energy has been demonstrated to influence the kinetics and selectivity
is in the synthesis of nanoporous materials, such as zeolites. New nanoporous materials
can be created, and the times for their syntheses can be significantly reduced, involving
using less energy. By reducing the times by up to over an order of magnitude, continuous
production would be possible to replace batch synthesis.
However, the mechanism and engineering for the enhanced rates of these
syntheses are unknown. The results from different laboratories are not consistent, and
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experimental details are sparse. Therefore, more research is required to unlock the
mystery behind this “gee-wiz” chemistry. Furthermore, understanding the fundamental
processes leading to rate enhancement by microwaves will also enable the optimization
of these microwave heated reactions.
In this work, the formation of SAPO-11 (and AlPO-11), silicalite and NaY
zeolites under microwave heating was investigated and the influence of various
microwave reactor engineering parameters was studied. Microwaves enhanced the
SAPO-11 synthesis by two orders of magnitude over the conventional synthesis. Both
nucleation and growth steps were enhanced by the presence of microwaves. Fast
microwave heating was not solely responsible for this enhancement. This indicates that
non-thermal interactions of material with microwaves are present for this synthesis.
Many microwave reactor engineering parameters were identified as possibly
influencing the microwave synthesis of SAPO-11 (and AlPO-11). These factors are
precursor volume, reaction temperature, reactor size, stirring, applicator type and
microwave frequency. Among those, the reaction temperature had the greatest influence
on this SAPO-11 (and AlPO-11) synthesis. Increasing the reaction temperature decreased
the nucleation time and increased the growth rate. The crystallization growth rate in the
microwave synthesis showed higher activation energy (1.5 times) compared to the
conventional synthesis. However, the pre-exponential factor increased by 8 orders of
magnitude in the microwave synthesis. Nucleation rate also showed an increase in the
activation energy (3.6 times) and an increase in the pre-exponential factor (10 orders of
magnitude) by using microwave heating. This substantial increase in the pre-exponential
factor could be the reason behind this microwave synthesis enhancement.
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High temperature, stirred synthesis, large vessel and using multimode field
distribution oven found to be the optimum reaction conditions for microwave synthesis of
SAPO-11 (and AlPO-11).
Thermal variations within SAPO-11, silicalite and NaY synthesis solutions were
measured using a reaction vessel with multiple fiberoptic temperature probes. NaY
synthesis solution has the shortest microwave penetration depth among these zeolite
synthesis solutions which led to great thermal variations between the region near the wall
(high temperature) and the center (low temperature) when placed in a vessel with
diameter 20 times larger than its penetration depth. Increasing these thermal variations
led to a decrease in the nucleation time and thus enhanced this NaY microwave synthesis.
Microwave power delivery mode (pulsed vs. continuous) effect on the synthesis
of the three zeolites mentioned above was investigated. Pulsing the microwave power
required less average power to maintain the synthesis reaction temperature compared to
continuous delivery mode. No effect of using pulsed compared to continuous microwave
power delivery was found on the nucleation time and the crystal growth for these zeolite
syntheses. However, pulsed microwave power delivery produced smaller particles in the
case of SAPO-11.
The effect of simultaneous cooling effect on the microwave synthesis of SAPO11 and silicalite was studied. Increasing the amount of power delivered to the SAPO-11
synthesis while maintaining the reaction temperature fixed using the simultaneous
cooling, decreased the nucleation time and increased the growth rate. Smaller particles
were formed at high power. Silicalite showed no change in the nucleation time, crystal
growth and/or the morphology. This indicates that there is no universal pattern among the
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microwave synthesis of zeolites. What could be an important factor for one synthesis is
not necessarily important for another, and is likely dependant on the dielectric properties
and the reaction mechanism.

KEY WORDS: Zeolite, SAPO-11, silicalite, NaY, microwave synthesis,
nucleation, crystal growth, frequency, reactor engineering, overheating, temperature
distribution, pulsing power delivery, simultaneous cooling.
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CHAPTER 1
INTRODUCTION

1.1 Introduction to Zeolites
Zeolites are micro-porous hydrated aluminosilicate crystalline materials.
Structurally, they are “frameworks” of three-dimensional anionic networks of alumina
(AlO4) and silica (SiO4) tetrahedral where one oxygen of a given tetrahedron is shared
with one of four others.1,2
The first natural zeolites were first discovered in 1756. However they were not
hydrthermally synthesized until 1940s. The success in synthesizing these materials paved
the way to the fast growth of the zeolite industry. According to the International Zeolite
Association (IZA), the number of structural types has increased from 27 in 1970 to 179
this year. Zeolites are classified based on their structure and composition. Many
important parameters are involved with the structure of these porous materials, such as
pore size and shape, channel dimensionality and direction.1,3
Their cage-like structures with pore size of 3-20 Å make them very useful
industrially as molecular sieves in many separation processes. They are also widely used
as ion exchangers. Their micropore shape selectivity and Bronsted acid sites provide
them with great ability to act as catalysts in many reactions in the petrochemical industry.
Such as, fluid catalytic cracking (FCC), isomerisation and alkylation.1,2
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1.2 Zeolite Synthesis
Zeolites are normally formed from aqueous solutions or gels under hydrothermal
treatment. The synthesis gel or solution typically consists of an alumna source, a silica
source, water, and a structure directing agent- usually organic template. The mixture of
these components is heated at temperatures between 80 – 200 oC for reaction times
between several hours to several days depending on the zeolite type.1,4 Both the synthesis
mixture and the reaction conditions determine the chemical composition of the zeolite
product. Zeolites are typically synthesized in a batch process due to the high reaction
temperature and long reaction time.
Reports over the last decade have shown that microwave radiation has the ability
to influence zeolites synthesis. In particular, microwaves have the ability to:
I)

Reduce the synthesis time by over an order of magnitude.5-8

II)

Produce a more uniform product.5,9

III)

Improve the selectivity of certain reactions.10,11
Thus microwave energy can be utilized to rapidly produce desirable uniform

products that would not be possible using conventional hydrothermal heating.

1.3 Zeolite Formation
The formation of zeolites follows the nucleation and crystal growth mechanisms.
In the nucleation process, where new solid phase nucleates from the reaction solution,
two competing effects determine the free energy of this new phase. The creation of new
volume increases the free energy while formation of an interface decreases it. As a result,
the free energy will follow a parabolic curve as a function of nucleus size. The size that
corresponds to the maximum in free energy is called “critical nucleus size”. The value of
2

this critical size depends inversely on the supersaturation of the solution. The nuclei with
sizes below the critical size dissolve back into the solution while nuclei with sizes bigger
than the critical size grow to become crystals.4
The crystals grow by adding “monomer” to the surface of crystals while adding
larger silicate oligomers seemed to be improbable.12,13 The crystals grow until they reach
equilibrium with the solution. As a result, the following factors affect the crystal sizes4:
•

The initial supersaturation.

•

The volume of the solution.

•

The number of nuclei present.

•

The nucleation rate during the crystal growth.

•

Ostwald ripening.

Ostwald ripening is the mechanism in which dissolution of the smallest crystals
occurs in favor of growing the largest ones. If a solution has crystals at different sizes, the
larger crystals decrease the concentration to a value where the smallest crystals become
thermodynamically unstable according to the Gibbs-Thomson relationship4:
Equation 1.1: ln(

Cr
2.V .σ
)=
Cs
k .T .r

Where:
Cr : The solubility of particles with radius (r).
C s: The equilibrium solubility of particles with radius ( ).
V : The molecular volume.
: The surface tension.
k : Boltzmann constant.
T : The absolute temperature.
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Thus, particles with sizes below a critical size (

2.V .σ
) dissolve in the solution and those
k .T

with sizes bigger than this critical size grow to become bigger particles.
A general mechanism for zeolite formation may involve both the addition of
monomers to the surface of growing crystals and the combination of ring-like structures
with one another.14 The zeolite precursor begins as a solution or an amorphous gel as
suggested in Figure 1. Microcrystalline domains, or ring like structures form from the
precursor by the association of species present. The nucleation process involves the
rearrangement and growth of these zeolite crystal precursor structures. These precursor
structures grow further by the addition of monomer species in the solution or by
combining with one another to become zeolite crystals.
As a result of the nucleation and growth steps, the zeolites formation follows a
sigmoid-shaped curve (Fig. 2). The nucleation time is the time that the nuclei take to
grow into crystals. The crystal growth rate is quantified by the slope of the linear region
of the formation curve.
Many characterization techniques have been employed to investigate the
crystallization of aluminosilicate zeolites under conventional heating, such as: Raman
Spectroscopy,15-19 FT-IR,18,20-22 TEM,18,22,23 X-ray diffraction,18,20-25 MAS NMR20,23-26
and SEM. 13,21,25
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1.4 From Aluminosilicates to Silicoaluminophosphates

Wilson and coworkers27 in 1982 published a study on a new family of molecular
sieves, aluminophosphates AlPO4-n (where (n) represents the different microstructures of
this family of materials, such as AlPO4-5, AlPO4-11, AlPO4-31,…). Currently, there are
more than 200 members of this family of materials. The two important characteristics of
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these novel materials are the range of their pore size (0.3-1.2 nm) and the ability to
introduce elements other than Al and P to their framework such as: Si, Ba, Mn, Mg, Ga 3
Many types of silicoaluminophosphates structures exist, among them; SAPO-11 is
an industrially important catalyst for many reactions including isomerization28 and lubeoil dewaxing29. The conventional synthesis of SAPO-11 was first reported by Flanigen
and coworkers30, employing diisopropylamine (DPA) as a structure directing agent
(SDA). Since then, there have been many reports using a range of compositions and
conditions to form SAPO-1131-34. Sinha and Seelan35 report the formation of SAPO-11
using aqueous media and non-aqueous media (ethylene glycol) at 200˚C for up to 144
hours. Spherical particles of ~5 µm were formed for aqueous media and cube-like in
non-aqueous media. Further, a crystallization rate constant of ~1 hr-1 was shown for nonaqueous media synthesis at 200˚C.
Nieminen et al. 36 studied the influence of synthesis time and silica source on the
formation of SAPO-11. They showed that SAPO-11 formed after 24 h and the silica
source played an important role in the phase formed. For example, tridymite formed
from waterglass silica source. Tian et al.37 investigated SAPO-11 crystal growth using
the DPA-AlPO4-H3PO4-SiO2-H2O precursor system. Crystal growth rates and nucleation
times of approx. 0.07 min-1, 360 min (at 180˚C) and 0.04 min-1 , 450 min (at 170˚C),
respectively, were reported for the precursor system DPA-AlPO4-H3PO4-SiO2-H2O with
ratios 0.4:1.0:1.2:1.0:55. The nucleation step was proposed to be the rate determining
step and the crystal growth occurred by a complex process.37
Several types of structure directing agents (SDA) (typically, either diethylamine,
dipropylamine or diisopropylamine) and combinations have been utilized to form SAPO-
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11 and have been found to directly affect the crystal growth.37-39 Moreover, Liu et al.39
showed that the use of dual SDAs can avoid formation of a secondary phases.
Microwave synthesis has been successfully used to prepare SAPO-540-42, while
SAPO-34 can be selectively formed using conventional synthesis.43 Strohmaier et al.44 of
Exxon-Mobil have patented synthesis methods for SAPO-11 and ECR-42 including the
use of microwave heating of microemulsion precursors. This patent describes significant
rate enhancement due to microwave heating in which 5-30 minutes at 485 PSI was used
compared to 24 hours at 195˚C for typical conventional syntheses.
Guo et al.45 also synthesized SAPO-11 from a precursor composition of 1P2O5:
1Al2O3: 0.2 - approx. 2.5SiO2: 0.02CTAB: 10n-butanol: 1.5diisopropylamine: 30H2O,
using microwave heating. A reaction time of 180 minutes was reported. Further, Luo et
al.46 have reported the microwave synthesis of SAPO-11 using the DPA structure
directing agent.
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~The main objectives of this dissertation are:
•

To isolate the enhancement mechanism of microwaves on both nucleation and
crystal growth stages of SAPO-11. To determine which step (nucleation and/or
growth) microwaves enhance the most in order to understand the interactions
between microwaves and materials.

•

To determine the critical reactor engineering factors on the microwave synthesis
of SAPO-11 and AlPO-11. These factors will help optimizing the conditions at
which the zeolites are synthesized in the least time and thus the least amount of
energy and to produce a desired morphology in which the zeolites are most
catalytically active.

•

To establish the temperature distribution for different zeolite precursor solutions
inside a reactor vessel heated by microwaves and to test the effect of
“overheating” on the enhancement of the zeolite synthesis.

•

To study the effect of pulsed vs. continuous power delivery mode on the synthesis
of several zeolites and investigate the existence (or the lack of) of a universal
interaction and/or enhancement between microwaves and different zeolite
syntheses.
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CHAPTER 2

EXPERIMENTAL

2.1 Zeolite Precursor and Synthesis

SAPO-11 precursor gels were prepared by a mixture of two organic structure
directing agents prepared by combining an aqueous solution consisting of 11.53 grams of
85 wt-% orthophosphoric acid and 22.0 grams of water with 6.9 grams of a hydrated
aluminum oxide (a pseudo-boehmite, 74.2 wt-% Al2O3, 25.8 wt-% H2O) and stirring until
homogeneous. We then added a mixture of 1.3 grams of a fumed silica (92.8 wt.% SiO2,
7.2 wt.-% H2O) in 32.46 grams of an aqueous solution of 40.0 wt.-% tetra-nbutylammonium hydroxide (TBAOH), to this mixture. This mixture was stirred until
homogeneous, and then 5.10 grams of di-n-propylamine (Pr2NH) was added with stirring
until again homogeneous. The composition of the final reaction mixture in molar oxide
ratios was: 1.0Pr2NH: 0.5(TBA)2O: Al2O3: P2O5: 0.4SiO2: 50H2O.

AlPO-11 was

synthesized similarly, without the addition of fumed silica.
NaY zeolite was synthesized from aged aluminosilicate gels. Colliodal silica,
Ludox AS-40 (Dupont 40wt%, 7.76g) was weighed into a Nalgene® vessel.

The

proportion of water was weighed (11.76g), 10g of which was added to Ludox and stirred
for 4~5 minutes. To this solution, sodium aluminate (Riedel-De Haen, 1.23g) is added
and continue to mix for another 4~5 minutes, until the sodium aluminate is dissolved. A
small portion of the weighed NaOH (98%, Merck, 1.44g) is then added followed by
stirring until the portion is dissolved before adding more. Finally, the remaining water is
9

added. The suspension was then aged for 48 hrs before reaction. The NaY precursor
employed was a thick white gel with a composition of 8 SiO2: Al2O3: 4 Na2O: 140 H2O.
Silicalite precursor solutions were prepared by mixing 25 g tetraethylorthosilicate
(TEOS, Aldrich) with 26.5 g of 1 M tetrapropylammonium hydroxide (TPAOH, Aldrich)
solution in water and 48.75 g deionized water. These solutions were stirred for 4 hours at
room temperature. Nalgene® polypropylene bottles were used to mix and store the
solutions.

2.2 Heating Media

A multimode microwave oven, MARS®-5 CEM Corp., was used for microwave
synthesis. This oven operates at a maximum of 1200 W output at 2.45 GHz. The power
was varied automatically by the oven to maintain the desired temperature. A single
Xpress Teflon vessel (CEM Corp.) or ACV vessel (CEM Corp.) was used to contain the
reaction solution. For conventional heating, either a Stabiltherm Blue-M oven was used
or a glycerol bath was employed with a heating mantle. These three types of heating
processes are described in Table 1.
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Table 1: Comparison of microwave and conventional heating systems
System

MARS®-5

Glycerol Bath

Blue-M oven

Manufacturer

CEM Corp.

GlassChem Inc

Stabiltherm

Description

Microwave oven

Hemispherical heating mantle

Thermal oven

and glycerol bath
420 (width) × 340 (depth) × 330

100 (diameter) x 250 (height)

330 (width) x 310 (depth) x 300

(height) mm = 47.124 L

mm = 1.96L, 1.1 L glycerol

(height) mm = 30.69 L

Maximum power

1200 W

270 W

1200 W (heaters) and fan

Magnetron

One magnetron

-

-

Irradiation modus

Multimode

-

-

Power delivery

Controlled to match temperature

ON/OFF PID control to set

ON/OFF PID control to set

variable 0 to 300 W

temperature

temperature

33 mm ID ACV vessel or Xpress

33 mm ID ACV vessel, CEM

33 mm ID ACV vessel, CEM

Cavity volume

Reactor type

1500 vessel, CEM
Temperature and

Fiberoptic probe in a sapphire

Fiberoptic probe in a sapphire

Fiberoptic probe in a sapphire

pressure

thermowell (vessel)

thermowell (vessel) and k-type

thermowell (vessel) and k-type

measurement

Pressure transducer

thermocouple in the glycerol

thermocouple for the oven

bath.

temperature.

1 min. ramp, hold for varying

Approx 25 min. ramp to 175˚C

Approx. 90 min. ramp to 175˚C,

times up to 120 min

using preheated glycerol bath

oven preheated.

175˚C

175˚C

175˚C

15g

15g

15g

Program

Reaction Temp.
(˚oC)
Quantity of reactant

2.3 Microwave Reactors

Three types of microwave heating processes were employed (MARS®-5 oven,
Discover® and waveguides), as described in Table 2.
Three waveguide systems were used to study the effect of microwave frequency
on the zeolite syntheses namely:
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•

2.45 GHz Sairem generator, 300 W, WR284 S-band waveguide.

•

5.8 GHz Gerling generator, 700 W, WR159 C-band waveguide.

•

8.7-10.5 GHz Radio Research Inc. re-built military generator, 150 W, WR90 Xband waveguide.
The waveguide parameters are also described in Table 2 and further details of

these waveguide systems are given in App. A.
The forward incident power was measured using different power meters based on
the microwave frequency used. For 2.45 GHz, we used the power delivered by the
SAIREM generator. For 5.8 GHz, GERLING power meter (part No. 911441) was used.
Finally, for the Variable Frequency Microwave (VFM) setup (8.7-10.5 GHz) the power
was measured by the 432B power meter by Hewlett-Packard.
The temperature in these experiments was measured using a pre-calibrated fiberoptic temperature probe in one position at the center bottom of the vessel. This provides
a consistent methodology for comparing the syntheses.
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Table 2: Comparison of microwave heating systems
System

MARS®-5

Discover®

2.45 GHz Waveguide

5.8 GHz Waveguide

8-10 GHz Waveguide

Manufacturer

CEM Corp., Mathews, NC,

CEM Corp, Methews, NC,

Sairem Corp. France

Gerling, CA, USA

Custom

USA

USA

Multimode microwave oven

Multimode

re-built

military

swept source from Radio
Research Inc., CT, USA
circular

microwave reactor

Circular waveguide

waveguide

waveguide

420 mm (width) × 340 mm

70 mm diameter x 100 mm

178 mm (height) x 76 mm

178 mm (height) x 76 mm

178 mm (height) x 76 mm

(depth) × 330 mm (height) =

height,

(Diameter)

(Diameter) = 0.81 L

(Diameter) = 0.81 L

47.124 L

= 0.38 L

= 0.81 L

Frequency (GHz)

2.45

2.45

2.45

5.8

8.7-10.5

Maximum power

1200 W

300 W

300 W

150W

~100 W

Magnetron

One magnetron

One magnetron

One magnetron

One magnetron

One magnetron

Irradiation modus

Multimode

One magnetron Toroiodal

Monomode

Multimode

Multimode

Applicator volume

circular

in

Multimode

“focused”

in

Multimode

Monomode

Description

waveguide
Varied

Power delivery

600

between

W

to

0

control

Sweeping

or

fixed

and

Varied between 0 and 300 W

Fixed frequency, continuous

Fixed frequency, continuous

Fixed frequency, continuous

the

to control the temperature

wave. 65 W.

wave,

wave (35W 8.7 GHz, 58W

20 W

temperature

10.5 GHz) or sweeping 10 /s
and 100 /s

Reactor type

33 mm ID, Xpress vessel,

Temperature and

Fiberoptic

pressure

sapphire thermowell

(CEM Corp.)

33

mm ID,

GreenChem

vessel, (CEM Corp.)
probe

in

a

Fiberoptic

probe

33 mm ID ACV vessel
(CEM Corp.)

in

a

sapphire thermowell

33 mm ID ACV vessel (CEM

33 mm ID ACV vessel

Corp.)

(CEM Corp.)

Fiberoptic probe in a sapphire

Fiberoptic

sapphire thermowell

thermowell

sapphire thermowell

Fiberoptic

probe

in

a

probe

in

a

measurement

Pressure transducer

Pressure transducer

Program

1, 8 min ramp, hold for

8 min ramp

8 min ramp

8 min ramp

8 min ramp

varying times up to 120 min

Hold for varying times up to

Hold for varying times up to

Hold for varying times up to

Hold for varying times up to

120 min

120 min

120 min

120 min

200˚C, 180˚C, 175˚C, 160˚C

160˚C

160˚C

160˚C

160˚C

10, 15, 30g

15g

15g

15g

Max, temp. (˚C)

Quantity

of

15g

reactant

2.4 Temperature Distribution Study Vessel

We have constructed a special vessel to allow us to measure the temperature at
different heights (H) and radial distances from the wall (r) in a zeolite precursor solution
under microwave heating (see Fig. 3). Three holes were drilled to the side of the Teflon
vessel (I, II, and III) at fixed heights (H= 18, 15, 2 mm), respectively; in each hole we
inserted a Teflon-coated glass tube that acts as a “thermowell” to hold the fiber-optic
probe. Probes IV and V were held inside sapphire tubes “thermowells” in the middle of
the solution and at 5 mm and 20 mm from the wall, respectively. These tubes were held
by 1/8 “Swagelok®” Teflon fittings. The vessel was placed inside a 2.45 GHz CEM
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“MARS Xpress”® microwave oven. Two types of experiments were conducted to
illustrate the different heating areas inside the vessel. These experiments are:
1. Open loop: expose the material to a fixed amount of microwave power and
measure the temperatures using probes I, II and III. The probes were
moved closer or farther from the wall at five distances (r = 0, 2, 5, 10, 20
mm) in order to measure the temperature at these points. Probes IV and V
were not used in these experiments. The power was delivered in
continuous or pulsed modes. This type of experiment illustrates the
interactions between the microwave radiation and the system. This
enabled us to match the temperature profiles with time obtained
experimentally to the heat transfer model employing our measurements of
the solution dielectric properties.

2. Closed loop: controlling one of the temperature readings by probes IV or
V to a set point by varying the input microwave power via the PID
controller within the microwave oven. The other temperatures were
measured and compared to the set point. Probes I, II, and III were fixed at
2 mm from the wall. This type of experiment enabled us to demonstrate
temperature variations within different solutions based on their ability to
absorb microwave radiation.
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Figure 3: Schematic drawing shows the vessel constructed to measure the
temperature at different points

Stirring the precursor solution was undertaken using a magnetic stirrer bead in the
solution and the CEM MARS®-5 ovens built in stirrer.

2.5 Characterization

Crystallinity of the synthesized zeolite powders was determined using X-ray
diffraction. A Philips X’Pert Pro diffractometer equipped with a X’Celerator detector
was used to obtain X-ray patterns. An accelerating voltage of 45 keV was used at 40 A.
Patterns were obtained at a scan speed of 0.1˚(2 )/s. In order to create crystallization
curves SAPO-11, the relative peak intensity of the hkl = 020 and 002 peaks were ratioed
against the respective peak intensities for synthesis powders at full crystallization (see
App. B for more details). For NaY, the relative peak intensity at hkl = 111 and 220 were
15

used. To obtain the crystallization (yield) curves for silicalite, the actual dry yields were
ratioed against the theoretical yield for SiO2 (TPA) zeolite, (with density 1.8 gcm-3 and
15 g precursor used). As shown in Figure 1, the crystallization rate was calculated as the
slope of the linear region of the crystallization curve between 0.2 and 0.8 relative
crystallinity. Nucleation time is defined as the reaction time required before 1% relative
crystallinity is observed by XRD. Nucleation rate is the reciprocal of the nucleation time.
The morphology and particle size of the zeolite powders were determined using
Scanning electron microscopy (SEM). Powder samples were dispersed on aluminum
stubs using an ethanol droplet followed by sputter coating with Au. A JEOL X-Vision
6320FXV FESEM was used. Particle size was determined from a statistical average of
sample population of 96 crystals using ImageJ (NIH, USA) software.

2.6 Energy Analysis

A “Watts Up? PRO” (Electronic Educational Devices) energy meter was
employed to measure the electricity usage during the synthesis of SAPO-11 using the
MARS®-5 microwave oven, the Blue-M conventional oven and the heating
mantle/glycerol bath.

Although, the absolute energy values obtained are not

representative of the energy usage in an industrial scale optimized system, this does
illustrate the significant savings on the lab scale comparing ovens of similar dimensions
and power consumption.
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2.7 Dielectric Permittivity

Dielectric measurements of zeolite precursor solutions were obtained using an HP
8510C Network Analyzer and HP 85070B dielectric probe (Hewlett Packard), over a
frequency range of 0.5-18 GHz and temperature range of room temperature to about 80
o

C for all the syntheses solutions described above and water. Stainless steel short and

distilled water were used to calibrate the instrument. The two dielectric properties that
were measured readily were the dielectric constant ( ') which is associated with the
ability of the dielectric material to store electric energy in other words the ability of the
molecule to be polarized in the presence of the electric field and the dielectric loss ( ")
which is associated with the efficiency of converting the electromagnetic radiation into
heat. Thus the ability of a material to convert microwave radiation into heat at a given
frequency and temperature is determined by the ratio of these two dielectric properties.
This ratio is called the loss tangent (or the dissipation factor) (tanδ = "/ '). Materials or
solvents with high loss tangent are efficiently heated by microwaves. Another parameter
that is related to the dielectric properties is the penetration depth (δs). Which is the depth
in the solution at which the microwave field has decayed by 1/e, where (e) is the base of
natural logarithm. The penetration depth for a given material at a given microwave
frequency and temperature can be calculated using the two following equations:
Equation 2.1: δ s =

1

α


2
π 2ε 
 ε"
Equation 2.2: α =
1
+
 
λ 
 ε' 

'

 
 
 − 1

 

1/ 2

Where represents the microwave wavelength.
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CHAPTER 3

MICROWAVE REACTION ENHANCEMENT: THE RAPID SYNTHESIS OF
SAPO-11 MOLECULAR SIEVE

3.1 Overview

Microwave heating is a clean and economical type of heating that provides higher
heating rate of zeolite synthesis solutions compared to the conventional heating. This fast
heating enhances the zeolite syntheses through homogeneous nucleation, fast dissolution
of precipitated gels and a shorter crystallization time. However; some specific activation
effects (non-thermal) on the reagent molecules caused by microwaves could be behind
this enhancement as well.11,47
Romero et.al.48 studied the synthesis of LSX zeolite under both conventional “oil
bath” and microwave heating at 70 oC. They found that microwave heating reduced the
nucleation time to 2.5 h compared to 5 hr for the conventional synthesis. It also reduced
the crystallization time (time to reach 100% crystallization) to 5.5 hr compared to 8 hr for
the conventional synthesis. Moreover, microwave synthesis produced spherical particles
similar to that of conventional synthesis. However, the microwave synthesis produced
smaller particle size (2.8 m compared to 4.5 m). They claimed that the fast uniform
heating obtained by microwave heating (1 min ramp time compared to 30 min) was the
reason behind this microwave enhancement and the smaller particle size. To test this,
they synthesized this zeolite conventionally under different stirring speeds 250, 500 and
750 rpm. Stirring provided temperature uniformity within the synthesis solution and
18

crystallization time was decreased as the stirring speed was increased. Stirring speed of
250 rpm was enough to reduce the crystallization time to that obtained by microwave
heating. However, the morphology of the particles produced from the stirred synthesis
was clusters without definite shape. These workers did not provide an explanation of this
discrepancy in the morphology. Furthermore, they did not provide the heating rate or the
nucleation times for the stirred syntheses.
Recently, Jhung et al.49 studied the microwave effect on the synthesis of silicalite
and VSB-5, using combination of heating modes CE-CE, MW-MW, CE-MW and MWCE for the nucleation and crystal growth processes respectively (CE = conventional
electric heating, MW = microwave heating).

These workers found that microwave

heating enhanced both the nucleation and growth processes, but predominantly the
nucleation. Microwave nucleated samples had a higher population of nuclei with smaller
size than from conventionally heated samples, and hence leads to faster crystal growth
and smaller final crystallite size.
In this Chapter, we investigated the effect of microwave heating on the nucleation
and growth processes of SAPO-11 molecular sieve, using the experimental techniques
outlined by Jhung et al.49. The reported rate enhancement of over 2 orders of magnitude
makes this synthesis an excellent candidate to elucidate the effect of microwave
irradiation compared to conventional heating. We also investigated the hypothesis of fast
heating produced by microwaves to be the reason behind this enhancement by
synthesizing this material using microwaves with heating rate matched that produced by
conventional heating.
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3.2 Experimental Overview

SAPO-11 synthesis solution was prepared as described in section 2.1. Three
heating media were used for this study: microwave MARS® oven, conventional oven and
glycerol bath. XP-1500 (CEM) vessel was used in the microwave synthesis and ACV
(CEM) vessel was used in the conventional (oven and glycerol bath) syntheses as well as
mixed heating (microwave to conventional or conventional to microwave) syntheses. 15
g of precursor solution was used in all the experiments. The generation of the
crystallization curves, the SEM analysis and the power measurements were all described
in Chapter 2.

3.3 Results and Discussion
3.3.1 Heating Method – Nucleation and Growth

Temperature ramp time (or heating time to the reaction temperature) has been
shown to greatly affect the yield and products of zeolite synthesis9. Very short ramp
times (<1 min) can be realized using microwave heating, while longer conventional ramp
times can be programmed using the microwave oven control computer. Figure 4 shows
the temperature profiles with time from the various heating methods and the temperature
profiles in the microwave oven mimicking the conventional oven and glycerol bath
profiles. It can be seen that time to reaction temperature in the conventional oven is
much greater (~90 min) than that in the microwave oven. Faster temperature ramp rate
can be achieved conventionally using the glycerol bath, which reaches the reaction
temperature in ~25 minutes.

The programmed temperature profiles used in the

microwave oven can mimic the conventional profiles closely. In this way, we can

20

determine the effect of temperature ramp time with the different heating methods on this
SAPO-11 synthesis.
The SAPO-11 crystallization curves for the three heating methods (microwave
oven, conventional oven and glycerol bath) used are shown in Figure 5.

These

crystallization curves were determined from the X-ray peak intensities from the XRD
patterns of the solid samples prepared. Microwave heating (MW-MW) enhances both the
nucleation and crystallization rate dramatically compared to conventional heating. Use of
a glycerol bath to accelerate the temperature ramp time and provide greater thermal
conduction, enhances the crystallization rate but the nucleation rate to a lesser amount.
The influence of heating method on the nucleation and growth processes requires
experiments that combine heating types for the different regions of the curve. In this
way, it is possible to separate the contribution of each heating method to the nucleation
and growth processes by moving the synthesis solution between one oven and another
(microwave and conventional).

200

glycerol

MW

CH

175

MW glycerol
-like

0

Temperature ( C)

150

MW CH-like

125
100
75
50
25
0
0

20

40

60

80

100

120

140

Time (min)

Figure 4: Temperature curves measured in microwave and conventional syntheses
of SAPO-11
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Figure 5: Crystallization curves for synthesis of SAPO-11 at 175˚C using microwave
heating (MW-MW), convention oven heating (CH-CH) and glycerol bath heating

The crystallization curves for the synthesis of SAPO-11 at 175˚C using different
heating methods are shown in Figure 6. Microwave heating throughout the nucleation
and crystallization period (MW-MW) gives significant enhancement to both (nucleation
and crystallization) rates over conventional heating (CH-CH). Conventional heating
during the nucleation time followed by microwave heating (CH-MW) shows a similar
crystallization rate to MW-MW, only it is delayed by the slow heating rate in
conventional oven.

With the MW-CH reaction, where the precursor is heated by

microwaves during nucleation followed by conventional heating, the nucleation time is
reduced compared to CH-CH and the crystallization rate increased intermediate to the
rates of MW-MW and CH-CH. Microwave heating affects both the nucleation and
growth. Nucleation time is reduced by a factor of seven primarily due to the faster
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heating ramp used (1 min versus 90 min), whereas the crystallization rate is enhanced by
2 orders of magnitude.
Figure 6 also shows the crystallization curves of SAPO-11 synthesis comparison
between using only microwave heating (MW-MW) with that of conventional followed by
microwave (CH-MW). Microwave heating throughout nucleation and growth enhances
the nucleation rate by a factor of 45, primarily due to the slow ramp period that occurs in
conventional heating (~90 min). Microwave heating even after initial heating to the
reaction temperature using conventional heating, gives rise to rapid growth rate.
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Figure 6: Crystallization curves for the synthesis of SAPO-11 at 175˚C using
different mixed heating schemes

The effect of microwave heating only (MW-MW) is compared with initial
microwave heating to the synthesis temperature followed by conventional heating (MW-
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CH) on the synthesis of SAPO-11 (Fig. 6).

Microwave heating enhances the

crystallization rate by a factor of 8.
Conventional heating after the initial microwave ramp produces a slower
crystallization rate for SAPO-11 synthesis at 175˚C (Fig. 6). Therefore, the synthesis rate
enhancement is not solely due to a thermal effect. Conventional heating increases the
time for nucleation by a factor of 7. Even with nucleation by microwaves, the crystals
grow at a slower rate with conventional heating.
A comparison of conventional heating only (CH-CH), with initial conventional
heating to the synthesis temperature followed by microwave heating (CH-MW) is shown
in Figure 6. Conventional heating decreases the crystallization rate by a factor of 100.
Using microwave heating after the reaction temperature is initially reached in the
conventional oven lead to rapid crystallization.
Figure 7 shows the effect of temperature ramp rate on the crystallization of
SAPO-11. The enhancement effect of microwave heating is apparent in the ramp rate.
Slowing the ramp rate leads to an increase in the nucleation time and a decrease in the
crystallization rate. The fact that the nucleation times for both the conventional-like and
glycerol bath–like- ramp time are shorter than the ramp period (see Table 3), indicates
that the zeolite is growing during ramping. This is not seen in the conventional synthesis
methods, which again shows that the microwave effects are not only thermal.
The nucleation times and growth rates are summarized in Table 3. It can be seen
that conventional heating (CH-CH) gives the slowest crystallization of SAPO-11. Using
the same temperature profile as CH-CH in the microwave heating leads to approximately
half the nucleation time and an order of magnitude faster crystallization rate to that
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obtained from the conventional synthesis. The conventional reaction can be accelerated
using a glycerol bath giving better thermal conduction, compared to the thermal oven.
Microwave heating using the glycerol bath-like temperature profile gives a crystallization
curve similar to the microwave heating with a 1 minute ramp time (MW-MW). The
nucleation time is only delayed by the longer ramp time.
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Figure 7: The effect of temperature ramp time on the crystallization of SAPO-11 at
175˚C using microwave heating

We can see that the nucleation time and in particular the crystal growth rate is
greatly affected by the heating method. The crystallization rate of microwave heating
using the conventional oven temperature ramp-like profile is significantly higher than
that in the conventional synthesis (CH-CH), therefore microwaves enhance the growth
rate of SAPO-11 and the enhancement is not due to the greater heating rate alone.
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In order to demonstrate that conventional processes are purely thermal, a further
experiment was performed in which the precursor gel was initially heated to 175˚C using
the glycerol bath followed by transfer to the conventional oven. The crystallization curve
for this experiment is shown in Figure 8. The curve (glycerol-CH) overlays that observed
from just heating with the glycerol bath, indicating that only the faster heating rate (~25
min) in the glycerol bath gives rise to faster crystallization. Only thermal effects are
present with conventional heating, whereas, additional effects are observed with
microwave heating.

Table 3: Summary of Nucleation and Growth data for SAPO-11 synthesis at 175˚C
Heating Method

Ramp Time

Nucleation Time

Relative Crystal Growth Rate

(min)

(min)

(h-1)

MW-MW

1

2

5.3

Glycerol bath

25

45

0.6

CH-CH

90

90

0.107

CH-MW

90

90

11

MW-CH

1

15

0.63

MW with

90

50

1.6

25

18

5.1

CH-like-ramp time
MW with
Glycerol bath-like-ramp time
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Figure 8: Crystallization curves for SAPO-11 synthesis at 175˚C using various
heating methods and temperature ramp times
3.3.2 Morphology

The crystal morphology of SAPO-11 samples prepared from the different
microwave and conventional treatments was investigated using scanning electron
microscopy (SEM). Figure 9 shows the SEM micrographs for SAPO-11 prepared using
MW-MW, MW-CH, CH-MW, CH-CH and glycerol bath procedures.

In order to

compare the relative effect of the thermal treatment on the morphology, all samples used
in the morphology analysis were taken from a reaction point at the top of the
crystallization curve where the synthesis first reaches the maximum in crystallization
(The begging of the plateau region). Microwave heating (MW-MW) produces small (~2
µm) crystals of very narrow size distribution. Whereas, conventional heating (CH-CH)
produced large crystals (~8 µm) and less regular shape with a broad size distribution.
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Both MW-CH and CH-MW show an intermediate crystal size between just microwave
(MW-MW) and conventional (CH-CH) syntheses.

Also, these particles show less

uniform morphology. Microwave heating gives rise to rapid and even nucleation forming
many small well-formed SAPO-11 crystals.

(a)

(b)

(c)

(d)

(e)

Figure 9: Scanning electron micrographs of SAPO-11 synthesized at 175˚C using
different heating methods (a) MW-MW, (b) MW-CH, (c) CH-MW, (d) CH-CH, (e)
glycerol bath. Magnification = 1000x
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This is consistent with the work of Jhung et al.49 for the microwave synthesis of
silicalite and VSB-5. Conversely, conventional heating at the same reaction temperature
(but slower ramp time), produces more crystal growth and less uniformity due to the
progress in nucleation. This could also suggest that fewer crystals are nucleated during
conventional synthesis at the high temperature regions, near the vessel walls, and are fed
by the high precursor concentration at the center. Alternatively, microwave syntheses
might encourage Ostwald ripening during the growth process that could lead to more
uniform crystallite sizes.
Figure 10 shows the SEM micrographs of the SAPO-11 synthesized at 175˚C
using microwave heating with increasing ramp time; 1 min, 25 min (glycerol bath-like)
and 90 min (conventional oven-like). It can be seen that the ramp time has little effect on
the particle size or the morphology, unlike that observed with conventional heating in the
oven and glycerol bath. The particle sizes are approximately 2 µm with a spherical
shape. Microwave heating produces small regular crystals independent of the ramp time.
Therefore, rapid and abundant nucleation is the predominant process that occurs in
microwave heating which leads of the enhancement of the reaction rate. The particle
sizes and morphology are summarized in Table 4.
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(b
)

(a)

(c)

Figure 10: Scanning electron micrographs of SAPO-11 synthesized at 175˚C in
microwave oven using different heating ramp times (a) MW-MW (1 min ramp), (b)
MW-MW (Glycerol bath-like ramp time), (c) MW-MW (Conventional oven-like
ramp time). Magnification = 1000x

An estimation of the particle numbers was calculated for the different syntheses,
based on a spherical shape. From the particle number estimation, we can see that
microwave synthesis produces an order of magnitude more particles compared to the
conventional synthesis and with a slower ramp rate the number increases in the
microwave synthesis. Conventional heating favors particle growth while microwave
heating enhances nucleation.

Conventional heating (CH-CH and CH-MW) gives a

broader particle size distribution indicating that the nucleation process is less rapid
compared to microwave heating. Using a faster conventional heating rate (glycerol bath),
more particles are produced with a narrow size distribution, consistent with a more rapid
nucleation.
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It is of interest to compare the crystallite morphology of the particles prepared
with the different heating methods; these are shown in Figure 11. Microwave heating
produces spherical agglomerates.

In comparison, conventional heating (oven and

glycerol bath) produces plate-like microstructure, where the particle agglomerates are
composed of layers.

Table 4: Particle morphology and number for SAPO-11 synthesis at 175˚C
Heating method

Morphology

Yield
(g)

Particle Size
( m)
/ Distribution

MW-MW

Good regular morphology
(spherical agglomerates)
Good morphology
(spheres)
Poor morphology
(plate-like, irregular)
Poor morphology
(irregular)
Good morphology
(spherical)
Good morphology
(spherical)
Good morphology
(spherical)

1.20

2.7 ±0.2 / Narrow

Estimated
Number of
Particles
x108 *
582

0.87

5.0 ±0.7 / Narrow

67

0.67

8.3 ±2.9 / broad

11

1.23

4.2 ±1.2 / Broad

159

0.88

3.9 ±0.5 / Narrow

142

MW with
1.37
2.4 ±0.3 / Narrow
CH-like-ramp time
MW with
1.41
2.6 ±0.2 / Narrow
Glycerol bath-like-ramp
time
*assuming the same density (~2 g/cm3) for all samples and spherical particles.

947

Glycerol bath
CH-CH
CH-MW
MW-CH
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766

(a)

(b)

(c)

Figure 11: SEM micrographs of SAPO-11 synthesized using (a) microwave heating,
mag. = 13000x, (b) conventional heating – oven, mag. = 6000x and (c) conventional
heating –glycerol bath, mag. =10000x
3.3.3 Energy Consumption

The microwave synthesis greatly enhances the formation of SAPO-11 compared
to conventional methods. It is important to measure the actual energy consumption
during the synthesis using the different heating methods, in order to provide a
quantitative comparison.

The energy consumption depends on the efficiency and

complexity of the oven/bath system. For example, the microwave oven does not only
depend on a magnetron to produce the microwave power, but has additional components
such as the control circuit, turn table, and power electronics.

These contribute

significantly to the power usage per synthesis volume as described by Choi et al.50. The
great enhancement (short nucleation time and fast growth rate) using microwave heating
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leads to minimal energy usage compared to the other heating methods (~ two orders of
magnitude less). Although the energy consumption rate for the glycerol bath is the
lowest due to its compact and simple nature, the longer crystallization time means more
energy is used overall compared to microwave synthesis, and there is the initial heating
delay in the glycerol bath system that microwave heating does not have. The energy
consumption values are shown in Table 5.

Table 5: Energy consumption for SAPO-11 synthesis at 175˚C using different
heating methods
Heating Method

Ramp Time

Nucleation Time

Relative Crystal

Energy Usage

(min)

(min)

Growth Rate

For 50% Crystallinity

(h-1)

(Wh)

MW-MW

1

2

5.3

48

Glycerol bath

25

45

0.6

397

CH-CH

90

90

0.107

3245

3.4 Summary and Conclusions

In summary, microwave synthesis (MW-MW) of SAPO-11 shows an order of
magnitude enhancement over purely conventional synthesis (CH-CH), in both the
decrease of the nucleation time and the increase in the crystal growth rate. Microwave
irradiation dramatically affects both the nucleation and growth processes. Relatively
small crystals of uniform size distribution are formed with microwave compared to
conventional synthesis, suggesting uniform and rapid nucleation. In CH-CH, fewer but
larger crystals are formed. This may indicate that crystals are nucleated progressively
during the conventional synthesis and grow large due to the high concentration of
precursors.
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Conventional heating followed by microwave heating (CH-MW) consisted of
raising the temperature of the reaction solution to 175˚C in the conventional oven, which
took 90 minutes, followed by transferring it to the microwave oven for further heating at
the same reaction temperature. The crystal growth rate was significantly increased to
about double that of purely microwave heated and two orders of magnitude compared to
purely conventional heating. The slow nucleation in the CH step aids the rapid MW
crystallization. The final crystal morphology is good but has a broad distribution. This
might suggest that some nucleation has occurred during the conventional heating prior to
crystallization by MW.
Microwave heating for 1 minute to the reaction temperature (175˚C) followed by
transferring to a hot conventional oven gave an increase in the nucleation time to 15 min
compared to 2 min in (MW-MW). The crystal growth rate was increased by an order of
magnitude over the pure CH. Microwaves affect both the nucleation and growth. The
morphology formed from MW-CH showed crystals of approx. 4 µm and a narrow
distribution, similar to pure MW, however with fewer crystals. This suggests that under
conventional heating, the nucleation is a less initiated process. In situ X-ray scattering
studies may elucidate these processes.
The microwave heated step is achieved with 1 minute ramp time to 175˚C, unlike
the conventional synthesis which took 90 min to reach the same temperature due to the
slow heat transfer between the hot air and the reactor vessel walls. Microwave synthesis
is time saving in this respect; however, the rate enhancement cannot be totally explained
by the more rapid heating rate alone. For a more accurate comparison, the conventional
heating rates were simulated by programming the MARS®-5 with 5 step ramp rates.
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Therefore, the ramp time was 90 min as with conventional oven and 25 min as with the
glycerol bath. In these cases, the nucleation time was reduced and the crystallization rate
was also slowed compared to the microwave synthesis with 1 min ramp time. The
morphology, crystal size and narrow distribution were comparable to those by MW
synthesis with 1 min ramp time. However, a greater amount of nucleation occurs for the
slower ramp rates, i.e. higher yields. In comparison to MW-MW, conventional heating
produces 1-2 orders of magnitude fewer crystals of larger size.
We speculate that the reaction enhancement due to microwave heating compared
to conventional is due to specific interactions between microwaves and the precursor
species as well as reduction in heat transfer resistance during the nucleation and growth
processes. The precursor species, reaction intermediates and reaction mechanisms differ
depending on the specific zeolite synthesis and therefore, microwaves will affect the
reaction rates depending on these interactions. For example, in the SAPO-11 synthesis
we used, the precursor contains a complex mixture of organic SDAs (DPA and TPAOH)
and a water solvent both of which strongly interact with microwaves, and low dielectric
inorganic compounds silica and alumina.

Slowing the temperature ramp time for

microwave synthesis to that of conventional heating produced a crystallization curve
intermediate to pure conventional heating (CH-CH) and pure microwave heating (MWMW). If that curve matched the crystallization curve produced by the conventional
synthesis, then it could be concluded that the enhancement seen in the microwave
synthesis with 1 min ramp time was only due to the reduction in the heat transfer
resistance by using microwave heating.
In conclusion, the following points can be made from this work:
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(a) Microwave synthesis enhances both the nucleation and growth of SAPO-11, for
this duel template system reacted at 175˚C.
(b) Heating ramp rate affects both nucleation and growth. A faster heating rate
produces more numerous and smaller crystals for conventional heating. While
more numerous crystals are formed with slower ramp rate in the microwave
heating with the crystal size remained more or less unchanged.
(c) More uniform crystal morphology and narrow size distributions are formed using
microwave heating, indicating even and rapid nucleation.
(d) The rapid heating rate by microwaves does not solely account for the
enhancement to the nucleation and growth rates.
(e) The heating method during the nucleation period dictates the morphology and the
particle size distribution.

MW-CH gives more uniform and narrow particle

distribution compared to CH-MW.
(f) The conventional process is enhanced by using the glycerol bath due to greater
thermal conduction compared to conventional oven.
(g) Significant savings in energy can be made using microwave heating for this
process and the remarkable speed of synthesis potentially enables the use of
continuous processing with only a few minutes residence time.
In the next Chapter we further investigate the microwave interactions with this
SAPO-11 (and AlPO-11) synthesis through studying the effects of various microwave
reactor engineering parameters on the crystallization and nucleation rates of these
materials.
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CHAPTER 4

MICROWAVE SYNTHESIS OF SAPO-11 AND AlPO-11: ASPECTS OF
REACTOR ENGINEERING

4.1 Overview

In the previous Chapter we studied the conventional and microwave synthesis of
SAPO-11 using a dual template system of n-Pr2NH (n-dipropylamine) and TBAOH
(tetrabutylammonium hydroxide).

Using a precursor composition of 1.0Pr2NH:

0.5(TBA)2O: Al2O3: P2O5: 0.4SiO2: 50H2O reacted at 175˚C, SAPO-11 was observed to
nucleate after only 2 min and reach full crystallinity after 20 min, compared to 90 min
and 720 minutes respectively for conventional heating. Microwave synthesis enhances
both the nucleation and growth of SAPO-11 compared to conventional heating at the
same reaction temperature. It was found that the rate of heating primarily affects the
nucleation time for the microwave synthesis. A more uniform morphology and narrower
size distribution were formed using microwave heating compared to conventional. This
could indicate that either, rapid and even nucleation is occurring or that microwave
heating yields a more uniform temperature distribution within the reacting system as
suggested by de la Hoz et al.51 for organic synthesis.
Reports have shown the influence of many experimental factors on the microwave
synthesis of zeolites, such as, the precursor volume, reaction temperature, stirring, reactor
geometry, applicator type and frequency.
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Volume of the reacting solution is an important factor for reaction engineering
since this determines the temperature profile with heating either conventionally or with
microwaves. Few workers have determined the effect or even reported the value of
reactant volume on the reaction rate in microwave synthesis.6,9,52,53

For example,

Panzarella et al.6 reported for the microwave synthesis of NaY zeolite at 100˚C, 25 g
(depending on silica source) of precursor produced a maximum in crystallization rate and
minimum in nucleation time, while 12 g was optimum for Beta zeolite synthesis. A high
surface area-to-volume ratio (SA/V) is often preferred to enhance the reaction rate.
A reaction engineering factor related to the reaction volume is the reactor
geometry, since the shape of the reactor will modify the (SA/V) ratio and the electric
field distribution in the heated sample. It has been previously found that a wider diameter
Teflon reaction vessel (33 mm compared to 11 mm) produces faster crystallization rates
and higher yields for several zeolite synthesis.6,54 The electric field distributions were
simulated by Conner et al.54 for the microwaves in the reacting silicalite precursor in the
two geometries.

It was found that a greater ratio of maxima-to-minima and more

variation in E-field distribution existed in the 33 mm vessel. Thus, the enhanced reaction
rate observed for silicalite synthesis was deemed to be due this greater field variation. 54
Stirring of the reaction precursor during heating has been shown to enhance the
rate of formation of zeolites under conventional conditions55. For example, Brar et al.55
showed a little change on the particle size distribution for NaA zeolite formation at 80˚C
using stirring compared to no stirring. Further, Romero et al.48 showed the rapidly stirred
conventional synthesis of LSX zeolite had a faster crystallization rate than microwave
synthesis; however, the temperature ramp time was not reported.
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Using microwave heating, little or no reaction enhancement has been reported for
the use of stirring during the synthesis of silicalite and NaY zeolites9,56. However,
stirring should induce a more thermally homogeneous solution under heating. This may
contribute to the enhanced reaction rate compared to static systems in conventional
heating. On the other hand, with microwave heating there must be other factors that are
important, for example the rate of heating.
New microwave reactors have recently become commercially available which
utilize small mono-mode reaction cavities, such as the CEM Discover® “focused”
microwave system.

The choice of microwave applicator type between the typical

multimode oven and a monomode reactor or waveguide may affect the reaction kinetics
depending on the reaction. Nüchter et al.57,58 reported little significant change for organic
reaction rates between different reactor types.

However, this may be due to the

difference in dielectric properties of organics compared to zeolite precursors. Hence,
Panzarella et al.6 showed that for the synthesis of NaY and Beta zeolites, the nucleation
and crystallization rates were enhanced in different types of applicator in the order:
multimode oven > waveguide > Discover® “focused” reactor, operating at 2.45 GHz for
NaY and in the order: multimode oven > Discover® “focused” reactor for Beta. The
greater reaction enhancement compared to the monomode systems is attributed to the
multimode microwave field distribution. A theory for the enhancement of reaction
kinetics by microwaves has been reported by Conner and Tompsett.59
The effect of microwave frequency on chemistry has not been a topic that is
widely investigated. This is likely due to the lack of systems with variable frequencies
(other than 2.45 GHz) commercially available. However, Caponetti et al.60 investigated
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the microwave radiation effect on the synthesis of cadmium sulfide. They employed
several frequencies (2.45, 2.85, 8, 12 and 18 GHz) and found that the final particle size
and morphology were dependent on the microwave frequency used. However, these
workers used different vessel geometries for the different frequency experiments, which
may have influenced the reaction.
Malinger et al.61 reported the use of a variable frequency microwave oven to
synthesize manganese oxide catalysts. Frequency and sweeping the frequency affect the
catalytic activity. Little differences were observed in the surface area and morphology
between samples; however, those produced at the higher frequency (5.5 GHz compared
to 2.45 GHz) showed better conversion (50% vs. 30%) in the oxidation reaction of 2thiophenemethanol to 2-thiophenecarboxaldehyde.
Recently, Nyutu et al.62 showed a significant effect of microwave frequency on
the microstructure of BaTiO3. Spherical particles with narrow and more uniform particle
size distributions were formed at high microwave frequency (5.5 GHz) and variable
frequency (3-5.5 GHz with 1 s sweep time). Whereas, BaTiO3 prepared by the standard.
2.45 GHz yielded particles with a cubic microstructure.
Variable frequency microwave (VFM) heating is significantly different from
regular microwave heating.63,64 VFM allows a frequency bandwidth to be selected, for
example 3-5 GHz, although a fixed frequency can also be selected from this range. The
selected frequency range is swept around a central frequency in a specified time. This
keeps the microwave field distribution changing throughout the cavity, for more than a
fraction of a second. Therefore, the heating in a VFM is averaged in time.
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Problems

such as arcing are also eliminated with this type of operation since arcing occurs in the
presence of an electric field in a standing wave at a constant frequency.60
Antonio and Deam64 studied the VFM technique. They reported “The technique
works by sweeping through a band-width of frequencies which are cycled through
consecutively and launched into a cavity, resulting in different standing waves with many
resonant modes. By sweeping through thousands of frequencies, thousands of possible
cavity modes are excited, corresponding to different distributions of hotspots within the
cavity. In succession, the heating patterns associated with the different resonance modes
being to overlap thus resulting in a time-averaged uniformity”. The dielectric properties
of a material are dependent on the frequency of the irradiation. Selective heating of
components in a mixture is possible where there are differences in dielectric properties.65
Rate enhancement may be possible by selective heating of active components or sites in a
specific reaction.
As discussed above, the microwave frequency and varying frequency influences
the properties of the synthesized materials. Therefore, this is an important factor to
investigate for the synthesis of zeolites such as SAPO-11.
In this Chapter, we investigate the effects of precursor volume, reaction
temperature, reactor geometry, stirring, applicator type and frequency on the microwave
synthesis of SAPO-11 and AlPO-11. The determination of the effects of these reaction
engineering parameters is important to the understanding of the interaction of
microwaves with a specific synthesis and is crucial for the optimization of this process.
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4.2 Experimental Overview

SAPO-11 and AlPO–11 were synthesized as described in section 2.1. 15 g of
precursor was used in all experiments except in the “Volume Effect” section were 10 and
30 g of precursor were also used. MARS®-5, Discover® and waveguide systems were
used as microwave applicators. Details about these applicators are available in section
2.3. 33 mm GreenChem® and XP1500® vessels were used in the microwave ovens except
in the “Reactor Size Effect” section where the GreenChem® vessel was modified by
inserting a Teflon tube to reduce the diameter to 11mm. 33 mm ACV vessel was used in
the waveguide systems. The reaction temperature was 160oC except in the “Temperature
Effect” section where other temperatures were studied. The crystallinity curves
generation and the SEM analysis are discussed in Chapter 2.

4.3 Results and Discussion
4.3.1 Volume Effect

The volume of precursor being reacted using microwave heating is known to
influence the rate of reaction.6,9,52,53,66 When the volume of the precursor solution is
increased in a vessel with fixed geometry, the surface area to volume ratio of the solution
decreases for this geometry. Therefore, the surface area that is irradiated (per total
volume) is less with higher volumes. Since the penetration depth dictates the temperature
profile in the reacting solution, the SA/V ratio will determine the temperature profile.
The surface area to volume ratios are shown in Table 6 for the three precursor masses
reacted. Figure 12 shows the crystallization curves for the synthesis of SAPO-11 at
160˚C. It can be seen that with increasing precursor volume there is an increase in
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nucleation time. However, the crystallization rate only decreases at higher precursor mass
than 15 g. Increasing the precursor volume (or decreasing the SA/V ratio) has a negative
effect on the reaction rate of SAPO-11 at 160˚C, particularly between 15 and 30 g of
precursor. The nucleation appears to be dependent on the microwave field intensity
throughout the volume. Previously, it was reported that microwave synthesis of NaY and
Beta zeolites showed a similar effect with increasing volume in an identical reactor
configuration except, a maximum was seen at 25g precursor for NaY synthesis at 100˚C.6
The SEM micrographs for SAPO-11 prepared using different precursor masses are shown
in Figure 13. Particles show in general a spherical morphology. A maxima in particle size
(3.5 µ m) and yield (per precursor mass) is observed for 15 g of precursor reacted for this
synthesis. the nucleation times, crystallization rates and particle sizes are summarized in
Table 7

Table 6: Surface area and surface to volume ratios of different masses of SAPO-11
precursor of density 1.1 g.cm-3
Mass
(g)
10
15
30

Volume
(cm3)
9.09
13.64
27.27

Liquid Surface Area
(cm2)
28.13
33.63
50.16

43

Surface Area/Volume
(cm2/cm3)
3.09
2.47
1.84

1.2
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Figure 12: The effect of precursor volume on the crystallization curve for the
microwave synthesis of SAPO-11 at 160˚C in MARS®-5 oven, 33mm vessel, with no
stirring

Table 7: Nucleation times and crystallization rates for the microwave synthesis of
SAPO-11 at 160˚C in MARS®-5 oven, 33mm vessel, with no stirring

a
b

Precursor
Mass
(g)

Ramp
Time
(min)

Nucleation
Time
(min)

Crystallization
Rate
(min-1)

Yield per
Precursor
Mass
(g)

Particle
Sizea
(µm)

10
15
30

1
1
1

4
10
25

0.035
0.035
0.010

0.78
0.91
0.58

2.38±0.65
3.50±0.73
2.35±0.66

average longest particle diameters from a statistical population of > 96 particles.
estimated assuming spherical particles of density 2 gcm-3.
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Estimated
Number of
Particles (per
precursor Mass)b
x1010
5.5
2.1
4.2

(a)

(b)

(c)

Figure 13: SEM micrographs of SAPO-11 prepared by microwave synthesis at
160˚C in MARS®-5 oven, 33mm vessel, with no stirring using precursor masses of
(a) 10 g, (b) 15 g and (c) 30 g. Magnification = x2000. Scale bar = 10 µm

4.3.2 Temperature Effect

For zeolite synthesis reaction, temperature is critical to crystallization. Typically,
there is a temperature range – below which little reaction occurs and above which zeolite
structures and/or template materials are degraded. Varying the reaction temperature range
is an important step in the optimization of the zeolite formation under different heating
methods. For the formation of AlPO-11 and SAPO-11 the crystallization curves were
determined between 160˚C and 200˚C (as shown in Fig. 14). Little difference is observed
between the crystallization curves for AlPO-11 and SAPO-11 at reaction temperatures
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between 160˚C and 200˚C. The silica content does not affect the nucleation or growth of
SAPO-11. Nucleation times and growth rates are summarized in Table 8 and 9. Two
order of magnitude increase in growth rate and an order of magnitude decrease in
nucleation time are observed between 160˚C and 200˚C reaction temperatures for SAPO11 and AlPO-11 syntheses. Growth and nucleation rates are both kinetically driven by
the reaction temperature.
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Figure 14: Crystallization curves for SAPO-11 and AlPO-11 from microwave
synthesis at different reaction temperatures in MARS®-5 oven, 33mm vessel, with
no stirring, 15 g of precursor

Arrhenius plots for the crystallization and nucleation rates of SAPO-11 and
AlPO-11 microwave and conventional syntheses at various reaction temperatures are
shown in Figure 15 and 16, respectively. Tian et al.37 reported the conventional synthesis
of SAPO-11 at 170˚C-200˚C from a precursor composition; 0.8i-Pr2NH: 1.0Al2O3:
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1.2P2O5: 0.4SiO2: 55H2O, similar to this work. The Arrhenius plots for their data are also
shown in Figure 15 and Figure 16 for the crystallization and nucleation rates respectively.
The activation energy for microwave synthesis is approximately 1.5
(crystallization) and 3.6 (nucleation) times greater than that calculated for conventional
synthesis; however, the pre-exponential factor is 8 (crystallization) and 10 (nucleation)
orders of magnitude higher for microwave synthesis.

The pre-exponential factor

comprises several components including the transition entropy as well as the “collision”
frequency and/or the concentration of reacting sites, e.g., for a catalytic reaction.
By analogy, this would imply that either there are more reacting sites in the
presence of microwaves and/or the reaction probability is increased due to a broader
reaction coordinate ( S transition). It is probably a combination of these two influences
(number and probability) that is enhanced due to microwave exposure, just as the
“compensation effect” is believed to involve a relationship between activation energy and
activation entropy.59,67 It is speculated that during crystal growth, microwaves could
make a larger fraction of the reacting surfaces active and/or might increase the reaction
probability.
For nucleation, microwaves might change the hydration of potentially reacting
metal oxides such that there are more that could condense to initiate crystallization and/or
increase the probability that they will react, for example. This is probably associated with
selective heating of individual species (reaction intermediates) within the synthesis
mixture.59 Interfaces such as the surface of a growing crystallite are then more susceptible
to microwave energy interaction.59,68-70 However, because these effects depend on the
reaction mechanisms and rate controlling steps that differ between syntheses, the amount
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and reasons for reaction enhancement differ between syntheses. Although the activation
energy for the reaction is higher for the microwave synthesis compared to that for the
conventional synthesis, the probability for the formation of the zeolite significantly out
weighs the increase in activation energy (Ea).
The higher activation energy calculated for microwave synthesized SAPO-11
(and AlPO-11) compared to that for conventional synthesis is due to the fact that
microwave synthesis is activated by both thermal and non-thermal effects.5 An increase
in activation energy, for these reactions using microwave irradiation, is contrary to many
reports that show a decrease in Ea for organic reactions with microwave heating and
hence accelerated reaction rates due to a lower energy barrier.51,71

Furthermore,

Gizdavic-Nikolaidis et al.72 reported an increase in the activation energy from
conventional to microwave synthesis for NaA synthesis. These workers72 also show an
increase in the pre-exponential factor for NaA formation under microwaves.
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Figure 15: Arrhenius plots for crystallization rate of SAPO-11 and AlPO-11 from
microwave and conventional syntheses
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Figure 16: Arrhenius plots for nucleation rate of SAPO-11 and AlPO-11 from
microwave and conventional syntheses
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Table 8: Nucleation times and crystallization rates for AlPO-11 prepared by
microwave synthesis at various temperatures in MARS®-5 oven, 33mm vessel, with
no stirring, 15 g of precursor
Reaction
Temperature
(˚C)

Ramp
Time
(min)

Nucleation
Time
(min)

Crystallization
Rate
(min-1)

Yield
(g)

Particle Size
(µm)

200
180
160

1
1
1

1
2
11

1.2
0.3
0.05

0.63
0.59
0.89

1.09±0.56
2.23±0.82
2.74±0.81

Estimated
Number
of
Particles
x1011
4.6
0.58
0.41

Table 9: Nucleation times and crystallization rates for SAPO-11 prepared by
microwave synthesis at various temperatures in MARS®-5 oven, 33mm vessel, with
no stirring, 15 g of precursor
Reaction
Temperature
(˚C)

Ramp
Time
(min)

Nucleation
Time
(min)

Crystallization
Rate
(min-1)

Yield
(g)

Particle
Size
(µm)

200
175
160

1
1
1

1
3
10

1.2
0.085
0.035

1.35
1.20
1.37

1.57±0.50
2.52±0.44
3.78±0.72

Estimated
Number of
Particles
x1011
3.33
0.72
0.24

The morphology and crystal size were determined for the SAPO-11 and AlPO-11
samples prepared at different temperatures using SEM (Fig. 17 and 18, respectively).
The particle sizes and numbers and a summary of the nucleation times and crystallization
rates are shown in Tables 8 and 9.
In general, with decreasing the reaction temperature from 200 to 160˚C, the
particle size (at the same point on the crystallization curve) increases. More nuclei are
formed at higher reaction temperature; the growth of these nuclei reduces the feed
concentration. Hence, a greater number of smaller particles are produced at 200˚C
compared to 180 and 160˚C. This was also shown by Tian et al.37 for the conventional
synthesis of SAPO-11. Furthermore, Brar et al.55 showed that for the NaA conventional
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synthesis, larger particles were formed at 100 oC (5µm) compared to those produced at 60
o

C (3 µm). However, NaA synthesized at 60 oC for 3 h by conventional heating followed

by 105 s of microwave heating produced smaller particles (1µm) compared to those
produced at 60 oC for 7 h by conventional heating.
Due to the similarity between AlPO-11 and SAPO-11 reaction rates during
microwave heating, we studied the effect of the following reaction engineering
parameters predominantly with SAPO-11.

(a)

(b)

(c)

Figure 17: SEM micrographs of SAPO-11 prepared by microwave synthesis in
MARS®-5 oven, 33mm vessel, with no stirring, 15 g of precursor, reacted at (a)
200˚C, (b) 175˚C and (c) 160˚C. Magnification = x2000. Scale bar = 10 µm
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(a)

(b)

(c)

Figure 18: SEM micrographs of AlPO-11 prepared by microwave synthesis in
MARS®-5 oven, 33mm vessel, with no stirring, 15 g of precursor, reacted at (a)
200˚C, (b) 180˚C and (c) 160˚C. Note: the AlPO-11 micrograph (a) is at mag. x3500,
(b) x2000, and (c) x2000.

4.3.3 Stirring Effect

The precursor reaction solution can be stirred using a magnetic bar during heating
in a microwave oven (MARS®-5). Stirring gives mixing of the reactants and products
during the synthesis whereas, in static synthesis, the zeolite products typically settle out
due to their higher density. Also in a stirred system undergoing heating, the temperature
distribution should be more even, due to the mixing of the heated materials. Stirring is
assumed to reduce the scale of the temperature distribution, thereby creating more
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homogeneous conditions of nucleation and growth. Figure 19 show the crystallization
curves for the microwave synthesis of AlPO-11 at 160˚C, under stirred and non-stirred
conditions. Overall, stirring has little effect on the crystallization and nucleation rates for
AlPO-11.
Stirring during microwave synthesis of silicalite and NaY similarly showed little
effect on the rate of reaction.9,56 The great enhancement of this microwave synthesis of
AlPO-11 likely overshadows the effect of enhancement caused by stirring. Furthermore,
the stirring settings on the MARS®-5 microwave oven are qualitative (high, medium,
low), thus, the actual rate of stirring is unknown. As a result, even with a “high” stirring
setting, the magnetic stirrer rate may be still too low to show significant effect on the
crystallization rate.
It should be noted that this difference between the stirred and non-stirred
synthesis although small it is real i.e. it is not within the experimental error. To
demonstrate this, we plotted the experimental data obtained from the non-stirred SAPO11 synthesis in two different MARS ovens and at two different sets at 160oC (Fig. 19).
All the non-stirred data (SAPO-11 and AlOP-11) lie on the same curve. This mean the
data is repeatable and the curve produced for the stirred AlPO-11 synthesis is not within
the experimental error in the curve of the non-stirred synthesis.
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Figure 19: Crystallization curves for AlPO-11 prepared by microwave synthesis at
160˚C using stirring and no stirring in MARS®-5 oven, 33mm vessel, 15 g of
precursor

.
The nucleation times and growth rates for stirred and non-stirred AlPO-11
synthesis are summarized in Table 10 together with the particle sizes and numbers
determined from SEM micrographs (Fig. 20). The AlPO-11 particles from the stirred
sample are smaller and more numerous, suggesting rapid and uniform nucleation.
Romero et al.48 studied the effect of stirring on the conventional synthesis of LSX zeolite
at different stirring rates (250, 500 and 750 rpm). The crystallization time decreased as
the stirring rate increased (9.5 h reduction in crystallization time at 750 rpm). However,
stirring produced clusters without definite shape and smaller particle size compared to the
spherical particle morphology produced in the unstirred synthesis. Moreover, Brar et
al.55 studied the effect of agitation on the conventional synthesis of NaA zeolite at 80 oC.
They showed that agitation produced slightly larger particle size distribution (about 1 µm
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difference) than those produced without agitation. However the morphology of the
particles was dependent on the type of agitation. Stirring produced rounded particles
similar to the unstirred case whereas ultrasonic synthesis produced cubic particles.

Table 10: Nucleation times and crystallization rates for the microwave synthesis of
AlPO-11 at 160˚C using stirring and no stirring, in MARS®-5 oven, 33mm vessel, 15
g of precursor
Ramp

Nucleation

Crystallization

Yield

Time

Time

Rate

(g)

(min)

(min)

(min-1)

with

1

5

0.04

without

1

11

0.05

Stirring

(a)

Particle Size
(µm)

Estimated
Number of
Particles
x1011

0.74

1.80 ±0.35

2.11

0.89

3.11 ±0.48

0.25

(b)

Figure 20: SEM micrographs of AlPO-11 prepared by microwave synthesis at 160˚C
in MARS®-5 oven, 33mm vessel, 15 g of precursor using (a) no stirring and (b)
stirring. Magnification = x2000. Scale bar = 10 µm
4.3.4 Reactor Size Effect

Studies have shown that reactor geometry is an important factor in the rate
enhancement of zeolite synthesis by microwaves.6,54,66 Two cylindrical reactor
geometries (33 and 11 mm inside diameter) were used here in order to investigate the
effect of geometry on the nucleation and growth of SAPO-11 at 160˚C (Fig. 21). Figure
55

22 shows the crystallization curves for SAPO-11 prepared using the two reactor
geometries. Using the smaller diameter reactor (11 mm), delays the nucleation while the
crystallization rate is approximately doubled (Table 11). Conner et al. demonstrated that
for silicalite precursor solution placed in the bigger reactor (33 mm) has a non-uniform
microwave field distribution leading to larger scale of temperature distribution.54
We propose that the larger temperature distribution in the 33 mm reactor leads to
faster nucleation compared to the smaller reactor (11 mm). As a result, both nucleation
and growth takes place simultaneously, while in the smaller reactor, the delayed
nucleation produces numerous smaller particles with a larger reactant concentration
gradient. This drives the growth rate faster than that in the large reactor.
SEM micrographs were obtained for the fully crystalline products of the reaction
in both reactor sizes shown in Figure 23. The particles formed from reaction in the 33
mm reactor are considerably larger (2.14 µm) with spherical morphology compared to
those formed in the 11 mm reactor (1.38 µm). The narrower reaction vessel has an inner
diameter matching the penetration depth of this SAPO-11 synthesis solution (~11 mm at
25˚C, 2.45 GHz). Thus, it will give more uniform microwave field distribution compared
to the larger (33 mm) vessel. This effect was observed previously for silicalite,54 NaY
and Beta6. The more uneven microwave field distribution leads to an enhanced reaction
rate for SAPO-11.
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(b) 33 mm

(a) 11 mm

Teflon insert
Thermo well

10 grams Precursor

Teflon Vessel

Figure 21: Teflon relation vessel geometries with 10 grams of SAPO-11
precursor (a) 11mm diameter and (b) 33mm diameter
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Figure 22: Crystallization curves for SAPO-11 prepared by microwave synthesis at
160˚C using 33 mm and 11 mm diameter reaction vessels in MARS®-5 oven, 10 g of
precursor with no stirring
Table 11: Nucleation times and crystallization rates for the microwave synthesis of
SAPO-11 in MARS®-5 oven, 10 g of precursor with no stirring at 160˚C in 11 mm
and 33 mm diameter reaction vessels
Reactor Vessel
Inside
Diameter
(mm)
11
33

Ramp
Time
(min)

Nucleation
Time (min)

Crystallization
Rate (min-1)

Yield
(g)

Particle
Size
(µm)

1
1

10
4

0.06
0.035

0.44
0.78

1.38±0.18
2.14±0.76
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Estimated
Number of
Particles
x1011
1.59
0.76

(a)

(b)

Figure 23: SEM micrographs of SAPO-11 prepared by microwave synthesis of 10 g
of precursor reacted at 160˚C in MARS®-5 oven with no stirring using (a) 11 mm
and (b) 33 mm diameter reaction vessel. Magnification = x5000. Scale bar = 5 µm

4.3.5 Applicator Type Effect

The size of the microwave cavity compared to the wavelength used for
microwave heating dictates the microwave field distribution. Cavities larger than half of
the wavelength of the radiation (λ = 12.24 cm in air for 2.45 GHz; the wavelength in the
medium is found by dividing the free space wavelength by ’) will have multimode
microwave field distributions with maxima and minima in intensity. Microwave ovens
are typically multimode cavities. The microwave field distribution in the oven cavities is
typically “evened out” using mode stirring or rotation of the reaction vessel(s). More
recent microwave reactors such as the CEM Discover® use “focused” system which has a
much more monomode field distribution.

However, only waveguides of specific

dimensions can be considered truly monomode.
Previously, it has been shown that faster reaction rates for zeolite synthesis are
achieved using multimode cavities (ovens) compared to either the Discover® or
waveguide systems.6 Therefore, the effect of applicator type on the reaction rate of
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SAPO-11 synthesis was important to study.

SAPO-11 was synthesized using the

MARS®-5 multimode oven, the Discover® “focused” reactor and a waveguide system all
at 2.45 GHz and the crystallization curves are shown in Figure 24. These were all
obtained using the same reactor size (33 mm), reaction temperature (160˚C) and
temperature ramp time (8 min). The nucleation times for the three microwave cavities
are similar; however, the crystallization rate decreases from the MARS®-5, to Discover®
to the waveguide applicator.
Particle sizes were determined for these SAPO-11 samples using SEM (shown in
Fig. 25) and the values are listed in Table 12. The particle sizes and morphology are very
similar for the preparation from the three applicator types. This is likely due to the fact
they have similar nucleation times. The multimode nature of the microwave field in the
MARS® oven induces non-uniform thermal distribution in the precursor solution, in
comparison to the monomode microwave field produced by Discover® and the
waveguide systems. This could be responsible for the reaction enhancement.6,54
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Figure 24: Crystallization curves for SAPO-11 prepared by microwave synthesis at
160˚C in 33 mm vessel and 15 g of precursor and no stirring using different
microwave applicators; MARS®-5 oven, Discover® reactor and monomode circular
waveguide

Table 12: Nucleation times and crystallization rates for the microwave synthesis of
SAPO-11 at 160˚C in 33 mm vessel and 15 g of precursor with no stirring, using
MARS®-5 microwave oven, Discover® reactor and monomode circular waveguide
Applicator
Type

Ramp Time
(min)

Nucleation
Time (min)

Crystallization
Rate (min-1)

Yield
(g)

Particle
Size
(µm)

MARS®-5
Discover®
CircularWaveguide

8
8
8

14
15
17

0.030
0.025
0.015

1.37
1.59
1.64

3.58±0.49
3.24±0.65
3.77±0.55
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Estimated
Number of
Particles
x1010
2.9
4.5
2.8

(a)

(b)

(c)

Figure 25: SEM micrographs of SAPO-11 prepared by microwave synthesis using
15 g of precursor, reacted at 160˚C in 33 mm vessel with no stirring using (a)
MARS®-5 microwave oven, (b) Discover® reactor and (c) monomode circular
waveguide. Magnification =x2000

4.3.6 Frequency Effect

The depth of penetration of microwaves into a material is dependent on the
dielectric properties and the frequency of the microwave radiation.

Changing the

frequency therefore will affect how these materials are heated. In particular if a certain
material has a maximum dielectric loss at a specific frequency, then individual species
could be selectively heated over others.

It is known that altering the microwave

frequency and sweeping frequencies, can change the properties of solid catalysts prepared
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form microwave synthesis; however, care must be taken to use the same vessels and
reaction parameters between waveguide reactors in order to isolate a specific frequency
effect.61 Figure 26 shows the crystallization curves for SAPO-11 prepared at 160˚C, using
circular waveguide reactors at various frequencies, and sweeping frequencies (8.7 ↔
10.5 GHz). With increasing frequency from 2.45 to 10.5 GHz, there is little change in
the nucleation time; however the crystallization rate is significantly increased between
2.45 and the higher frequencies.
Due to the relative size of the circular waveguide to the microwave wavelength,
only 2.45 GHz is a monomode system. The higher frequencies have correspondingly
smaller wavelengths and therefore the field distribution is multimode in this circular
waveguide.

It is believed that the multimode nature gives rise to the enhanced

crystallization rate compared to the 2.45 GHz set-up, as is observed for the multimode
oven synthesis (see the section on Applicator Type Effect). The crystallization curves
(Fig. 26) determined from the synthesis using variable frequency mode with sweeping
rates of 10 and 100 sweeps/min between (8.7 ↔ 10.5 GHz), show an intermediate rate to
that at 2.45 and the rate for 5.8, 8.7, 10.5 GHz fixed frequencies.
The variable sweep frequency mode gives rise (on average) to a more even
microwave field distribution in the waveguide.60

This may be the reason the

crystallization rate for this synthesis at the frequency sweeping mode is closer to that at
2.45 GHz in which a single mode distribution occurs. Altering the sweep rate from 10 to
100 sweeps/min (at 8.7 ↔10.5 GHz frequency range) had no significant effect on this
system. The nucleation times, crystallization rates and particle sizes for SAPO-11
prepared at different frequencies are shown in Table 13.
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Although the nucleation time changes a little, the crystallization rate in general
increases with increasing frequency. The number of particles estimated for the different
frequencies is of the same order of magnitude which is consistent with the similar
nucleation times. Smaller particles are formed at high frequencies 8.7 and 10.5 GHz
(Fig. 27). This could be due to differences in the nucleation and growth rates by varying
the microwave frequency as shown by Nyutu et al.62. However, the fact that multimode
occurrence may establish by applying microwave frequencies higher than 2.45 GHz in
this circular waveguide makes it difficult to decouple the effects of microwave frequency
from the multimode vs monomode (applicator type) effects on this synthesis.
The power required by the generator to maintain the steady state reaction
temperature of 160˚C for the 15g of precursor solution is also shown in Table 13. This
steady state power is plotted against frequency in Figure 28. It can be seen that a
minimum power requirement occurs at ~7 GHz. This corresponds to the greatest coupling
between the microwaves and reaction solution. Therefore an optimum frequency occurs
for this system with minimum power usage and the most energy efficient synthesis.
However; a numerical simulation which involves the precursor solution dielectric
properties, waveguide geometry, and microwave frequency is required to fully
understand the field distribution inside the reaction solution and thus the optimum
frequency at which maximum power absorbance occurs. Lu73 used computer simulation
(HFSS, Agilent) to investigate the field distribution for silicalite precursor solution inside
a 33 mm reaction vessel in the waveguide at two frequencies 2.45 GHz and 5.8 GHz. He
found that the amount of absorbed power required to maintain a reaction temperature of
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150°C at 5.8 GHz was about half of that at 2.45 GHz which matched the experimental
data.
The forward incident power was measured using different power meters based on
the microwave frequency used (see Chapter 2). It should be noted that using different
generators for each frequency in the same circular waveguide, might have an effect on
the electric power measurements.
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Figure 26: Crystallization curves for SAPO-11 prepared by microwave synthesis of
15 g of precursor at 160˚C using different microwave frequencies and frequency
sweep rates in a circular waveguide reactor and 33 mm vessel with no stirring
Table 13: Nucleation times and crystallization rates for the microwave synthesis of
SAPO-11 at 160˚C using different microwave frequencies and frequency sweep rates
in a circular waveguide reactor, 33 mm vessel, 15 g of precursor and no stirring
Frequency
(GHz)

Sweep
Rate
(min-1)

Ramp
Time
(min)

Nucleation
Time
(min)

Crystallization
Rate
(min-1)

10.5
8.7
5.8
8.7 ↔ 10.5
2.45

0
0
0
10, 100
0

8
8
8
8
8

15
15
15
17
17

0.025
0.025
0.025
0.019
0.015
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Power
at
Steady
State
(W)
55
35
20
65

Yield
(g)

Particle
Size
(µm)

Estimated
Number of
Particles
x1010

1.38
1.31
1.33
1.17
1.64

2.70±0.23
2.63±0.24
3.68±0.46
2.49±0.67
3.77±0.55

6.7
6.9
2.5
7.2
2.9

(a)

(b)

(c)

(d)

(e)

Figure 27: SEM micrographs of SAPO-11 prepared by microwave synthesis using
15 g of precursor, reacted at 160˚C in 33 mm vessel with no stirring using
microwave frequencies (a) 2.45 GHz, (b) 5.8 GHz, (c) 8.7 GHz, (d) 10.5 GHz and (e)
8.7 GHz to 10.5 GHz, sweep rate at 100 min-1

66

80

Power at steady state (W)

y = 2.4x2 - 32.4x + 129.2
R2 = 0.97
60

40

20

0
0

2

4

6

8

10

12

14

Frequency (GHz)

Figure 28: Power measured at steady state temperature for different microwave
frequency generators for SAPO-11 synthesis, 15 g in 33 mm vessel with no stirring
in a circular waveguide

4.4 Summary and Conclusions

The results described in this Chapter are summarized in Table 14. The effects of
many different reaction engineering parameters on the microwave synthesis of SAPO-11
(and AlPO-11) were investigated. Precursor volume is an important factor. Increasing
the volume of the reacting material decreases the reaction rate of SAPO-11 at 160˚C. In
particular, nucleation time increases with an increase in the reaction volume.
Increasing the reaction temperature leads to faster crystallization rate, shorter
nucleation time and smaller particle size for these syntheses. Nucleation of SAPO-11 and
AlPO-11 under microwave heating is strongly dependent on the reaction temperature.
The Arrhenius equation was plotted for the nucleation and growth of SAPO-11 and
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AlPO-11 for microwave synthesis between 160˚C and 200˚C. The activation energy for
nucleation and growth is greater for microwave synthesis compared to the conventional
synthesis; however, the pre-exponential factors are many orders of magnitude greater for
the microwave synthesis. Hence, the reaction rate under microwave heating is very
significantly improved.
Stirring the reacting solution during heating had a small effect on the
crystallization curve of AlPO-11.

However, the nucleation time was decreased by

approx. half with stirring. This suggests that the more even temperature distribution and
mixing of materials in the stirring system facilitates nucleation.
As shown previously for other zeolite syntheses, reactor geometry is an important
factor in reactor engineering. The wider geometry (33 mm reactor) enhances the reaction
rate, producing larger crystals in the same reaction time, even though the crystallization
rate is decreased for these syntheses.
The choice of microwave applicator type determines the microwave field
distribution that heats the reacting solution. Ovens are typically multimode, whereas
waveguides are designed for single mode operation with a very well defined field. The
crystallization rate is enhanced by applicator type in the following order MARS®-5 oven
> CEM Discover® “focused” system > monomode waveguide. The nucleation time is not
significantly affected by the choice of microwave applicator type for these syntheses.
Finally the effect of microwave frequency was determined for the microwave
synthesis of SAPO-11 at 160˚C. With increasing frequency from 2.45 GHz to 10.5 GHz
there is a significant decrease in penetration depth (10 to 2 mm) for the SAPO-11
precursor solution (at 25˚C). Reaction at 160˚C shows that increasing frequency does not
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significantly alter the nucleation time but does increase the crystallization rate. The
difference between the crystallization rates observed at higher frequencies compared to
that at 2.45 GHz maybe due to the multimode nature of the waveguide at frequencies
above 2.45 GHz. The multimode microwave field distribution gives rise to enhanced
crystallization rate. Sweeping the microwave frequency between 8.7 and 10.5 GHz at
rates of 10/min and 100/min showed an intermediate crystallization curve to that for fixed
2.45 GHz and 5.8, 8.7, 10.5 GHz. The sweep frequency mode of heating gives rise to a
more averaged microwave field distribution in the waveguide. Hence, the crystallization
curve is closer to the monomode field synthesis at 2.45 GHz.

Table 14: Summary of results for the microwave synthesis of SAPO-11 and AlPO-11
using different reaction engineering parameters
Zeolite

Rate

Vol.

Temp.

10, 15 30 g

160, 180,

Stirring

Reactor size

Applicator

Freq.

Freq sweeping,

11 / 33 mm

Ttype:

2.45, 5.8, 8.7,

10, 100 min-1

MARS/

10.5 GHz

between 8.7 and

200˚C

Discover/

10.5 GHz

waveguide
AlPO-11

SAPO-11

Cryst

Cryst

Max at 15g

Max at

Little

200˚C

change

Max at

Max with 11

200˚C

AlPO-11

SAPO-11

Nucl

Nucl

Min at 10g

Min at

Little

200˚C

change

Min at

Max with
®

Max with freq

Sweeping slows

mm

MARS -5

5.8-10.5 GHz

rate

Min with 33

Min with

Little change

No change

200˚C

mm

®

MARS -5

Optimization of the many engineering factors for the microwave synthesis of
SAPO-11 (and AlPO-11) is critical to minimizing the energy and time consumption,
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while preparing a material of the desired morphology. Following is a summary of the
parameter optimization for SAPO-11 (and AlPO-11) microwave synthesis, which may
also apply to other microwave zeolite syntheses:
(a) Small precursor volume or a system where the liquid surface area-to-volume ratio is
high produces high crystallization rate and high yield. 15 g of precursor was optimal for
SAPO-11.
(b) 200˚C reaction temperature for SAPO-11 produces small particle size and enhanced
nucleation and crystallization.
(c) Multimode microwave oven at fixed frequency shows the best performance of the
applicator type employed for the synthesis of SAPO-11. The uneven microwave field
distribution enhances the reaction rate. Higher frequencies produced faster crystallization
rate however, these high frequency systems are not commonly available.
(e) Stirring or mixing produces has little effect on the overall reaction rate; however it
decreases the nucleation time for AlPO-11.
Dielectric data, particularly at the elevated temperatures is a critical component of
understanding the microwaves synthesis of a specific material and important in the
optimization of this process. When different frequency (other than 2.45 GHz) equipment
is more commonly commercially available, one can be selective of the frequency to
enhance specific reactions.
Overall, the synthesis of SAPO-11 (and AlPO-11) can be enhanced by several
orders of magnitude over conventional heating. With careful selection of the engineering
parameters the time and energy for the process can be further minimized.
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The microwave enhancement of the zeolite synthesis could be due to thermal and
non-thermal (microwave) effects. While the non-thermal effects still controversial subject
the thermal effects can be easily characterized by measuring the dielectric properties of
the synthesis solutions. In the next Chapter we discuss these thermal effects in greater
details.
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CHAPTER 5

TEMPERATURE DISTRIBUTIONS WITHIN ZEOLITE PRECURSOR
SOLUTIONS IN THE PRESENCE OF MICROWAVES

5.1 Overview
5.1.1 Microwave Heating of Homogeneous vs. Heterogeneous Reactions

Research into microwave (MW) chemistry has expanded over the last two
decades due to the enhanced reaction rates achieved for many processes, including
organic synthesis,51,74 inorganic synthesis9,11,75 and polymerization,76,77 With over an
order of magnitude time saving for many reactions, there is a great potential for energy
savings78 and rapid processing, including continuous processing.79-81
Rapid microwave heating is not solely and/or clearly proven to be the main factor
contributing to the zeolite syntheses enhancement by microwaves.59,5,50 Nevertheless,
temperature distribution or temperature gradients within the heated media may occur
resulting in “hot spots”. The severity of such temperature gradients depends on the
dielectric properties and thus the penetration depth, of the heated medium.
This temperature distribution may contribute to the rate enhancement since the
rate is exponentially dependent on the temperature. For example, Conner et al.54 found
greater enhancement of silicalite synthesis in a 33 mm diameter reactor compared to an
11 mm reactor, possibly caused by non-uniformity of the MW field, which in turn
depends on the dielectric properties. Indeed, the field distribution was determined using a
commercial package for electromagnetic field simulation (Agilent, HFSS-software) and
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was shown to vary greatly depending on the vessel and hence the solution geometry.54
Furthermore, temperature variations due to macroscopic “hot-spots” and/or microscopic
molecular energy variations due to the “excess dipolar energy” are a possible mechanism
for the rate enhancement.59,82
Recently, Herrero et al.83 studied the non-thermal effects of microwave heating
using multiple fiber-optic temperature probes in a reaction vessel heated by microwaves.
These researchers studied four organic synthetic transformations; Diels-Alder
cycloaddition, alkylation of triphenylphosphine, nucleophilic substitution of benzyl
chloride with triphenylphosphine, and direct amide bond formation with both microwave
heating and conventional heating.
It was found that inefficient agitation leads to temperature gradients within the
reaction mixture due to field inhomogeneities in the microwave cavity.

Thermal

gradients of 40-70°C were reported between the probe at the top and bottom of the heated
liquid, using a CEM Discover microwave oven at 50 W. By using sufficient stirring, no
differences in conversion and selectivity were observed between experiments using
microwave heating and an oil bath. No evidence of non-thermal microwave effects was
observed for these reactions; it was thus concluded that these effects are purely thermal.
However, they studied only organic reactions in homogeneous media in a vessel size of
about 10 mm, which is relatively small compared to the penetration depth of the media.
Inorganic reactions with aqueous solvent, such as zeolite synthesis, typically show much
higher dielectric permittivities due to the presence of polarizable dipoles.
Furthermore, solid syntheses are inherently heterogeneous reactions whose
interfaces can be more susceptible to microwave interactions.59 Therefore, it is important
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to study the thermal gradients of these reactions, particularly in sufficiently large
diameter reactors to investigate the overheating at the periphery.84
The temperature variations that may occur in zeolite precursor solutions due to the
small penetration depth cannot be solely responsible for the microwave synthesis
enhancement. Some zeolite precursor solutions, such as that used to synthesize SAPO-11,
with relatively small dielectric permittivities and hence relatively large penetration depth
(~11 mm at room temperature) exhibit remarkable rate enhancements with the synthesis
carried out in a 33 mm vessel.5 Temperature gradients cannot explain the rate
enhancement for this synthesis, especially considering the fact that stirring the solution
does not significantly affect either the nucleation or crystallization rates.5
Bond et al.85 showed that during microwave heating of liquids, substantial
localized superheating occurs, and thus part of the sample solution is slightly above the
boiling point. The extent of superheating is of the order of several degrees.
Herrmann et al.84 measured the temperature inside a zeolite synthesis reactor
vessel during microwave heating at two points, near the wall and in the center for three
different zeolite precursor solutions: MFI, VFI and LTA. These solutions have small
penetration depths 1- 4 mm at 2.45 GHz. The temperature near the wall increased by
about 45 oC over the set point temperature of 80 oC at the center for these solutions. The
temperature variations were less pronounced in these solutions when the temperature near
the wall was controlled. However, these workers did not test the hypothesis that
overheating can lead to zeolite synthesis enhancement, except that previously the same
group showed that a uniform field distribution led to less enhancement for NaA, NaX,
VPI-5 and ZSM-5 zeolites.86
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5.1.2

Temperature Measurements during Microwave Heating

Temperature measurements within a microwave heated material are a critical
concern in microwave synthesis. In previous studies, a single temperature measurement
is typically reported, sometimes none. Many of the reported rate enhancements that have
been attributed to non-thermal effects may arise from thermal gradients and inaccurate
temperature measurements.57,83,87 More careful temperature measurements are needed to
explore this possibility.
The temperature of solid or liquid materials heated in a microwave field is
typically measured using a fiber-optic temperature probe placed in intimate contact with
the sample.88 However many techniques have been used to determine the temperature in
situ during microwave heating, namely:
1. Fiber-optic temperature probes88-90
2. Infrared thermography89,91,92
3. Gas thermometer93
4. Pyrometry94-96
5. Fluorescent coated glass97,98
6. MRI (Magnetic Resonance Imaging) mapping99,100
7. Dopant ion diffusion in ceramic sintering94
8. Ad/desorption measurements101
Traditional metallic thermocouples and resistance thermometry can interfere with
the microwave field and may cause arcing.89 However, they can and are used on several
commercial microwave oven systems, e.g., Lamdba Technologies Inc, Milestone and
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older CEM Corp models. With grounding to prevent arcing, temperature measurements
can be made this way, however the local E-field may still be affected.
A fiber-optic temperature probe typically consists of a phosphor sensor at the end
of a fiber-optic cable. The cable is sheaved in a protective coating, usually Teflon
(PTFE).

The phosphor emits light with temperature-dependent intensity. The light

propagates down the fiber-optic cable and is measured to calculate the temperature.
Fiber-optic probes provide a convenient and reliable method of measuring temperatures
in a microwave field up to the temperature limit of the probe (~260°C). However, these
probes only measure the bulk (averaged) temperature at a single point and do not tell the
user anything about the temperature uniformity or heating selectivity.
As mentioned above, other techniques have been employed to measure the
temperature of a microwave heated material including Infrared thermography. Infrared
thermography employs infrared sensitive arrays or films to record an image of the
infrared emission from an object just as in conventional visible light photography. The
emission reflects the temperature of a heated object. Abtal et al.91 in 1984 first used
infrared thermography to study the evaporation of liquids in a microwave field. In food
science, Mullin et al.89 observed the non-uniformity of microwave heated foods with
infrared thermography.

♣

An infrared camera was focused down a choke

into a

waveguide cavity to record the temperature profile of heated food.
However, it should be noted that since infrared radiation can be absorbed by the
heated material, IR thermography is restricted to surfaces and cannot be used to
determine the temperature variations within a volume unless the material is relatively
♣

A choke is a cylindrical tube of sufficient length to prevent escape/emission of
microwaves
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transparent to infrared light.98 Further, infrared emissions are reflected by many materials
that are transparent to visible light including glass. In situ measurements must then
employ infrared transparent containers and windows.

5.1.3 Effect of Microwave Power Delivery on Temperature Distributions

The interaction between microwaves and dielectric media results in molecular
rotation due to the continuous change in the electric field directions. This molecular
rotation causes the medium to heat up. As the medium heats and the temperature rises,
the medium will change its dielectric permittivities. As a result, the microwave fields will
experience a different penetration depth. Also, the microwave loss at a given point in the
medium will either increase or decrease.
In the case of water, the microwaves will, for example, penetrate further into the
medium, and also give rise to less dielectric loss and thus less heating. When the
microwaves are being delivered with the power being pulsed "on" or "off", the medium
will be able to partially cool down due to convection/conduction during the "off" period.
As the microwaves are then again turned "on", the absorption will initially be more
effective than for a continuous power delivery. Therefore, it is expected that greater
temperature distributions should occur with the pulsed delivery compared to those
occurring with continuous mode at the same average microwave power. Consequently,
less power is required to control the medium temperature with the pulsed delivery mode.
Previously, we have shown that similar amounts of NaA zeolite product were
formed from in situ WAXS experiments under the use of pulsed and continuous
microwave power delivery while maintaining the same reaction temperature in a 5 mm
reator.102 Li and Yang reported that using pulsed microwave delivery on the synthesis of
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NaA zeolite membranes produced a spherical particle morphology, while using
continuous microwave delivery produced cubic morphology.103 Therefore, microwave
power delivery mode can affect the mesoscopic properties at the materials formed.
Hence, it is an important parameter in zeolite microwave synthesis.
In this Chapter, first we will develop a simple temperature-time model and
compare it to that obtained experimentally for water heated by microwaves under a fixed
power. Then we illustrate the temperature variations inside a wide diameter (40 mm ID)
Teflon vessel containing water and zeolite precursor solutions (silicalite, NaY or SAPO11) measured by fiber-optic probes at different heights and radial distances from the wall,
being heated by microwaves. Temperature gradients and overheating are determined for
NaY synthesis. We studied both static and stirred reactions to demonstrate the effect of
agitation on this synthesis. We note that this was the approach that Kappe and coworkers
employed83 to demonstrate the lack of a non-thermal microwave effect for homogeneous
organic systems.

5.2 Experimental Overview
5.2.1 Zeolite Synthesis Solutions and Characterization

Synthesis solutions of SAPO-11, silicalite and NaY were prepared as described in
Chapter 2. SEM and crystallization curves were obtained as described in Chapter 2 as
well. Special vessel was constructed for this study, where five temperature thermowell
were introduced to the vessel to measure the temperature at different positions (see
section 2.4 for details). Two types of experiments (open loop and closed loop) were
carried out in this study utilizing this vessel.
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5.2.2 Temperature Measurements

The temperatures of water heated by microwaves in the “open loop experiments”
were measured by three T1 fiber-optic temperature probes by “Neoptix” and the
temperatures of the heated media in the “closed loop experiments” were measured by
four T1 fiber-optic temperature probes and one provided with the microwave oven as the
controlled temperature.
The “Neoptix” T1 fiber-optic temperature probes were connected to a “Neoptix –
ReFlex” temperature readout which was connected to A/D Measurement Computing
USB-1208LS data acquisition board. This A/D board was interfaced with a PC computer
through a USB cable. LabVIEW software by National Instruments was used to record the
temperature data with time.

5.2.3 Microwave Ovens and Power measurements

A CEM MARS®-Xpress microwave oven was used for the “open loop
experiments”. A CEM MARS®-5 microwave oven was used for the “closed loop
experiments”. A CEM MDS-8 ID microwave oven with in-house modification of the
oven door to allow IR photography during microwave heating was used for the IR
imaging experiments. The details of these ovens were previously reported.5,104
The power consumed by CEM MARS®-5 microwave oven during the “closed
loop experiments” was measured by “Watts up? PRO” power meter by Electronic
Educational Devices, Inc. Stirring the precursor solution was undertaken using a
magnetic stirrer bead in the solution and the CEM MARS®-5 ovens built in stirrer set to
“high” setting.
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5.2.4 Infra Red (IR) Imaging

IR images were taken for NaY and water samples using a ThermoVisionTM IR
camera and ThermoCAM® Research pro 2.7 software both by FLIR SystemsTM. These
samples were placed in polystyrene containers (~7.5 cm in diameter) to allow good IR
transfer. These samples were heated in the CEM MDS-8 ID microwave oven.

5.3 Energy Balance

In order to understand the energy transfer between microwaves and solutions, we
begin with the basic energy balance. As a result, a model for the temperature profile with
time can be developed. This model can then be compared to the experimental data. If the
model fits the data well, the data can be interpreted by the physics of the model.
The general energy balance for a dielectric medium heated by microwaves at any
fixed point in space is given by equation (5.1):
Equation 5.1: Energy in – Energy out + Energy generation = Energy accumulation
dT
Equation 5.2: MW(T) - UA(T - To ) + 0 = mC p
dt
Where:

MW(T) : Microwave absorbed power as a function of temperature (T).
U

: The overall heat transfer coefficient.

A

: The surface area of the system.

m

: The mass of the system.

Cp

: The specific heat capacity of the system.

t

: Time.

Assuming that the absorbed microwave energy (MW) and Cp are not strong
functions of temperature, and the material does not expand significantly so that the
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surface area stays constant, the solution for the above ordinary differential equation with
the initial condition T(0) = To = 23 oC is given as:
Equation 5.3: T(t) = To + (

UA
MW
)t) ]
)[1 - exp(-(
mC p
UA

Once the microwave power is turned off, the temperature decreases in an
exponential decay. According to the solution of equation (5.2) obtained with disregarding
the energy input term (MW) and with the initial condition T(0) = Tss (the steady state
temperature), the cooling temperature profile is given as:
Equation 5.4: T(t) = To + (Tss - To )exp(-(

UA
)t)
mCp

The steady state solution is simply given by balancing the “energy in” with
“energy out”, obtained by setting the accumulation term in equation (5.2) to zero:
Equation 5.5: MW = UA(Tss-To)

Figure 29 shows a typical temperature profile with time for water being heated
with microwaves at any point in space and fixed microwave input power. It also
illustrates the three different regions: heating, steady state, and cooling.

81

Temperature

Tss

a

Heating

Steady
State

Cooling

To

Time

Figure 29: Typical experimental temperature profile with time at any point in space
for DI water being heated by microwaves at fixed power

However, when we fitted the temperature data for microwave heated water with
equations (5.3) and (5.4), we found that the exponential term exhibited different exponent
upon heating and cooling. That contradicts what these two equations predict since that
exponent is the same in both equations ( - (

UA
)). This indicates that the assumption that
mCp

the absorbed microwave power (MW) is not a function of temperature is incorrect. We
have modified the model by introducing a linear function of MW with temperature (MW
=

+ (T-To) ) in equation (5.2). This maintains the dependency of temperature with

time to be of the form: T= To + a (1- exp(-bt)) which the experimental data follow very
well.

82

The new model modifies the heating equation to be:
Equation 5.6: T(t) = To +

α
UA - β

(1 - exp(-

UA - β
)t)
mC p

A summary of the energy balance equations is listed in Table 15.

Table 15: Summary of the energy balances at different heating stages
Stage
Energy Balance

Heating

T(t) = To +

Steady State

α
UA - β

(1 - exp(-

UA - β
)t)
mC p

+ (Tss-To) = UA(Tss-To)

Cooling

T(t) = To + (Tss - To )exp(-(

UA
)t)
mC p

Thus, if the mass and the heat capacity of the heated material are known, one can
fit the experimental data of (temperature vs. time) in the heating and cooling regions to
their corresponding models, shown in Table 15 above, to obtain the fitting parameters
α, β and UA.
Based on Metaxas and Meredith105 work, English and MacElroy
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have shown

that for a given constant volume of material heated by uniform electric field “Emax
cos(ωt)” the temperature dependence on time is given as:
Equation 5.7: ωε o ε '' (ω , T ) E 2 max cos 2 (ωt ) = ρCv( ρ , T )

Where:
Cv : The constant volume heat capacity.
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dT
dt

ρ : The density of the dielectric medium.
ω : The microwave field frequency.
ε

: The imaginary part of the dielectric constant which determines the dielectric
loss.

εο : The dielectric permittivity of vacuum.
Assuming that Cp and Cv are approximately equal and weak functions of
temperature, that the volume of the heated medium is constant and the dielectric loss is
linear with temperature (ε = Α+Β(Τ−Το)) at a given frequency, then the left hand side of
equation (5.7) is equal to the microwave energy input term (α+Β(T-To)) in equation (5.2)
divided by the volume of the heated material (V). i.e
Equation 5.8: ωε o ( A + B (T − To )) E 2 max cos 2 (ωt ) = (α + β (T − To ))/V
Consequently,

α = ωε o AE 2 max cos 2 (ωt )V , represents the microwave power absorbed by the
dielectric medium at a given temperature.

β = ωε o BE 2 max cos 2 (ωt )V , represents the gradient in the microwave power
absorbed by the dielectric medium as its temperature changes.
Thus,
Equation 5.9: B/A = β/α

Equation (5.9) basically indicates that a dielectric medium interacts thermally
with microwaves based on how its ε” changes with temperature. If ε” decreases with
temperature (B is negative) then that dielectric medium becomes less susceptible to
microwave heating as its temperature increases and vice versa.
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5.4 Results and Discussion
5.4.1 Open Loop: Temperature Distribution Using a Pure Dielectric Medium Water

We have measured the temperature profile of 49.3 g of DI water under continuous
♦

♦

microwave power delivery of 68 W and with pulsed power of 204 W at a sequence of
(1 s on/ 2 s off), which results in an average power of 68 W.
The temperatures where measured at three heights (H = 2 (III), 15 (II), and 18 (I)
mm) from the bottom of the vessel and the experiments were repeated using fresh DI
water and the three probes (I, II and III) were moved to five radial distances from the wall
( r = 0, 2, 5, 10, and 20 mm). The vessel was mounted on a turn table to average the
microwave field intensity within the vessel. Thus, we assume symmetrical temperature
distribution around the center of the vessel. Figure 30 shows the steady state temperature
distribution as a function of height and radial distance from the wall for continuous and
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Figure 30: Steady state temperature distributions within DI water using average
power of 68W and (a) continuous power delivery and (b) pulsed: 1 s on, 2 s off.
Open loop experiment

♦

These microwave power represents the microwave power fed by the oven
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In both delivery modes, the temperature variation is a maximum near the wall
where the bottom temperature (H=III and r=0) is the highest and top temperature at (H=I
and r=0) is the lowest. This could be due to the fact that microwaves can be delivered to
the bottom as well as to the top, but the thick base of the Teflon vessel minimizes the heat
loss while the air in contact with the top surface maximizes the heat loss. Moreover, The
temperature distributions obtained under heating with pulsed microwave power delivery
mode are overall higher than those in the continuous microwave power delivery mode.
For example, the temperature in the center of the vessel is 90 oC for the pulsed
microwave power delivery and 80oC in continuous microwave power delivery.
Temperature variations decrease near the center of the vessel away from the
cooler wall under microwave heating. This is likely due to good heat transfer (convection
and conduction) between the bottom, center and top. The relatively long penetration
depth of microwaves in water (~33 mm at room temperature and 2.45 GHz) compared to
the radius of the vessel (20 mm) allows microwaves to penetrate throughout the water
liquid volume in the 40 mm diameter vessel. Thus, the water in the center is being heated
readily by the microwaves. This produces relatively uniform temperature distributions as
seen in Figure 30.
Figure 31 shows the dependency of dielectric loss ( ), dielectric permittivity ( )
and the penetration depth ( s) of water on the temperature and the frequency. At any
microwave frequency in the range of 0.5-18 GHz, both

and

decrease as the

temperature increases leading to an increase in the penetration depth, e.g., at 4 GHz the
penetration depth increases from 12 to 55 mm when heating from 28 to 72 oC. Figure 32
shows a linear decrease in both

and

with temperature at 2.45 GHz is a good fit to the
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measured data for water. This leads to an exponential increase in the penetration depth
with temperature. These results help to explain why pulsed microwave delivery heats
water more than continuous microwaves delivery. In particular, as the water heats up, its
ability to absorb microwaves decreases because of the decrease of

with the increase in

temperature. Thus, when the power is pulsed, the “off” period allows the system to relax
and therefore, the heat is lost from the hotter regions to the colder regions lowering the
temperature of the hotter regions, which enables them to absorb more microwaves in the
“on” period. This relaxation occurs to a lesser degree when the power is continuously
delivered. As a result, the pulsed power delivery leads to higher temperatures inside the
vessel compared to that obtained by continuous power delivery for the same average
power, as shown in Figure 30.
“SigmaPlot 2000” software by SPSS Inc. was used to fit the temperature data
(temperature vs. time) to obtain the dielectric parameters (α,β). Table 16 shows the
average values of these parameters over all points. The dielectric loss ( ) describes the
ability of the material to convert the absorbed microwaves to heat. Figure 32 shows that
at 2.45 GHz,

for water decreases linearly with temperature according to (

= 9.79-

0.18 (T-To)). This results in B/A equal to -0.018 where A is the intercept and B is the
slope of the line. The averaged ratios of β/α were calculated at the wall (r=0) at the three
different heights for both continuous and pulsed schemes (Table 16). The temperatures
near the wall experience heat loss mainly from the adjacent cold wall, which fits the
assumption of the heat balance established in equation (5.2). The β/α ratio is the same
order of magnitude as the B/A ratio for the continuous power delivery as equation (5.9)
predicts. However, this ratio is an order of magnitude less than that of B/A for the pulsed
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power delivery. This could be due to the fact that the “off” period in the pulsed sequence
enhances the heat flow and thus, the thermal equilibration within the material. This type
of heat flow was not considered in the energy balance shown in equation (5.2).
Nonetheless, the analysis shown above captures most of the qualitative aspects of the
experimental data very well.
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Figure 31: Measured dielectric properties of water as a function of temperature and
microwave frequency: (a) dielectric loss ( ), (b) dielectric permittivity ( ), (c)
penetration depth ( s)
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Table 16: The overall average values of the predicted dielectric parameters for
water at 2.45 GHz. and the average ratio of these parameters at the wall
Delivery Mode

UAoverall



overall

( / ) at the wall


overall

(W/K)

(W)

(W/K)

(K-1)

Continuous

0.16

17.7

-0.16

-0.012

Pulsed

0.16

20.2

-0.12

-0.008

(1 s on/2 s off)

5.4.2 Microwave Heating of Zeolite Precursor Solutions

The dielectric properties of zeolite synthesis solutions are significantly different
from those of pure water, due mainly to the presence of various ions in the solution.
These include silicate anions and organic cations that act as structure directing agent
(templates). Further, the pH of precursor solutions is either acidic or very basic,
contributing to the high permittivities through high concentrations of either hydronium or
hydroxide ions. Both (

and

) increase with temperature for silicalite and SAPO-11

synthesis solution as shown in Figure 32.
This results in a slight decrease in the penetration depth for these synthesis
solutions with the increase in temperature (Fig. 32). However, the dielectric properties (
and

) show a strong dependence on frequency, which results in a strong penetration

depth dependence on frequency (Fig. 33). The increase in

for the synthesis solution

with temperature will result in a positive value of β−positive feedback heating. This
indicates that the zeolite synthesis solutions will reach higher temperatures and will heat
more rapidly than water for a given volume under the same microwave power.
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The dissipation factor (tan δ) indicates the efficiency of the dielectric media in
converting microwave energy into heat. Zeolite synthesis solutions have , up to an order
of magnitude, higher dissipation factors than water (Table 17) that makes them more
susceptible to microwave heating. Furthermore, the small penetration depth of these
synthesis solutions compared to water especially at 2.45 GHz (Fig. 33), indicates that the
absorbed microwave energy will concentrate in a thin outer layer of these solutions when
placed in a vessel with a diameter larger than their penetration depth while the absorbed
microwave energy will be more or less even throughout the volume in the case of water.

Table 17: Dielectric constants ( , ) dissipation factor (tan δ) and penetration
depth (δs) of zeolite precursor gels (2.45 GHz, room temperature)
Medium / Zeolite
Molar Composition

pH

ε'

tanδ
δ=

δs

ε"/εε'

(mm)

ε"

Precursor
Water 9

H2O

7.0

78

10

0.13

33.4

Silicalite

SiO2: 0.23 TPAOH : 32.88 H2O

12.4

49.5

20.13

0.41

13.8

1.0Pr2NH: 0.5(TBA)2O: Al2O3: P2O5:

6.2

37.8

22.9

0.61

10.8

12.24

37

147

3.98

2.6

SAPO-11

0.4SiO2: 50H2O
NaY (AS-40)

4 Na2O: Al2O3: 8 SiO2: 140 H2O
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Figure 33: Penetration depth dependence on microwave frequency of zeolite
precursor solutions and water at room temperature

To directly test this prediction, we placed (72 ml) of NaY synthesis solution and
the same volume of water in two identical thin walled cylindrical polystyrene containers
with a diameter of 7.5 cm. Both samples were placed inside a microwave oven and
heated simultaneously for 1 min under 320 W. IR images were recorded during the
heating process of these two materials. Figure 34 shows these images at different times. It
is clear that NaY synthesis solution heats faster and reaches higher temperatures
compared to water. Further, thermal images of the top surfaces of both heated materials
were recorded at the end of the heating period (Fig. 35). These images show the effect of
penetration depth on the thermal distribution within the dielectric media. NaY synthesis
solution shows a great thermal variation (about 40 oC) between the hot region near the
wall (70oC) and the cold core (32 oC), while water shows a homogeneous thermal
distribution of about 60 oC.
The next section demonstrates this difference in the thermal distribution between
water and zeolite synthesis solutions and its implication on the synthesis enhancement in
further detail.
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a

b

c

d

Figure 34: In situ IR images (side view) for NaY synthesis solution (left sample) and
water (right sample) heated at 320 W. Images taken at: (a) 0 s, (b) 10 s, (c) 20 s and
(d) 60 s

5 cm
Figure 35: Ex situ IR images (top view) for NaY synthesis solution (left sample) and
water (right sample) heated under 320 W at the end of the heating period
5.4.3 Closed Loop: Temperature Distribution in Zeolite Precursor Solutions

Three zeolite precursor solutions-namely those for silicalite, NaY and SAPO-11
as described in the Experimental Section-were employed to determine the effect of
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position of temperature control and the resulting temperature distributions within the
solutions. These zeolite precursor solutions were chosen due to the range of dielectric
properties and compositions.
Both silicalite and SAPO-11 precursor solutions have similar dielectric properties
at 2.45 GHz (typical microwave oven frequency). However, the NaY precursor solution
shows significantly higher dielectric loss (ε" = 147), and therefore will have greater
coupling with the microwave field and smaller penetration depth (Table 17).
Figures 36-39 show the microwave delivered power and the temperatures
measured at the five positions (I, II, III, IV and V) using temperature control at position
V (middle center of solution) set to 60°C, for the three zeolite precursor solutions NaY,
SAPO-11, silicalite and water, respectively. A ramp time of 3 minutes to 60°C was used
in all cases and the temperature was held for up to 60 minutes to obtain steady state. This
temperature is lower than the synthesis temperatures for all three materials. This prevents
the synthesis solutions from significant reaction, which can change the dielectric
properties dramatically. It can be seen that the NaY solution with the shortest penetration
depth exhibits the greatest temperature overshoot by 13°C between the measured
controlled temperature at the center (V) and the set point of 60°C.
The temperature difference in the solution between the highest temperature near
the wall and the set temperature also quite high, near 65°C. In comparison, silicalite and
SAPO-11 solutions show overshooting of only 2 and 7 °C, respectively and a temperature
difference of only ~5 and 10°C, respectively. Further, the silicalite solution shows a
lower average temperature near the vessel wall (I, II and III) compared to the center (V).
The relatively large penetration depth of microwaves in silicalite and SAPO-11 solutions
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compared to NaY gives rise to the solution heating from the center out rather than the
microwaves primarily absorbed at the surface.
In comparison to the zeolite precursor solutions (Fig. 36, 37 and 38), water
overshoots by ~1°C at the center and there is a temperature difference of ~3 °C. The
relatively high penetration depth of water (33 mm) allows microwaves to be absorbed
throughout the medium, and the lower temperatures near the wall are likely due to the
heat loss through the wall to the surrounding air.

160

ΙΙ
ΙV
V

2000

80

1500

o

100

Set Point

60

1000
Power

40

0
40

60

80
Set Point

60

20
0

0
20

100

40
500

20

0

Ι
ΙΙ
ΙΙΙ

120

Temperature ( C )

120

(b)

140

2500

Power (W)

(a)

140

Temperature ( oC )

160

3000

80

100

0

120

20

40

60

80

100

120

Time (min)

Time (min)

Figure 36: Microwave oven output power and temperature measured within NaY
precursor solution heated at set point of 60˚C at position V. (a) center positions and
(b) wall positions. 3 minutes ramp time
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Figure 37: Microwave oven output power and temperature within SAPO-11
precursor solution heated at set point of 60˚C at position V. (a) center positions and
(b) wall positions. 3 minutes ramp time
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Figure 38: Microwave oven output power and temperature within Silicalite
precursor solution heated at set point of 60˚C at position V . (a) center positions and
(b) wall positions. 3 minutes ramp time
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Figure 39: Microwave oven output power and temperature within water heated at
set point of 60˚C at position V. (a) center positions and (b) wall positions. 3 minutes
ramp time

Since there is a significant (65°C) temperature difference in the unstirred NaY
solution during microwave heating to 60°C, stirring the solution during heating is likely
to decrease the gradient through mixing.

Figure 40 shows the microwave power

delivered and the temperatures measured at the five positions (I, II, III, IV and V) using
temperature controlled at position V (middle center of solution) with set point of 60°C,
for NaY precursor solution with stirring. Overshooting in the solution with stirring still
occurs, but by only 7 °C at the control temperature above the 60°C set point at the center
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(V). A temperature difference of 50°C is measured compared to 65°C for the unstirred
case (Fig. 36). Stirring decreases the temperature gradient in the vessel cross-section.
However, significant overheating is still measured at the bottom of the vessel. The
stirring may not be rapid or even enough to account for the rapid microwave absorption,
because the solution gels as it heats and the stirring bead and the bottom probe were at
opposite sides of the vessel.
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Figure 40: Temperature and microwave oven output power measured within stirred
NaY precursor solution at set point of 60˚C at position V. (a) center positions and
(b) wall positions. 3 minutes ramp time

Table 18 shows the energy consumption per gram of different materials heated to
60°C in 3 min and held at that temperature for one hour. The heated mass differs from
one material to another because of the difference in density and because the vessel was
filled to the same volume. Therefore, the volume of the samples was fixed but not the
mass. From Table 18, it can be seen that the energy per gram decreases from water,
silicalite, SAPO-11 to NaY precursor solutions as the dielectric loss increases and hence
the penetration depth decreases (Table 17). This suggests that ionic solutions exhibit the
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greatest temperature spikes upon microwave heating, while dipolar liquids like water give
the greatest bulk microwave heating.
The energy per gram of the stirred NaY precursor is again lower than that for
static NaY solution. Less energy is required to maintain the average temperature of a
stirred solution because stirring enhances the heat transfer from the hot regions near the
wall to the center where the temperature is being controlled.

Table 18: Energy consumption of a fixed volume of zeolite precursor solutions (and
water) heated to 60˚C in 3 minutes and 60 minute hold time. MARS®-5 (CEM)
microwave oven and Savillex PFA vessel
Material
Weight
Energy
Energy per gram
(g)

(Wh)

(Wh/g)

Water

49.30

225

4.56

Silicalite

49.07

214

4.36

SAPO-11

55.24

208

3.76

NaY

68.20

238

3.49

NaY-Stirred

68.20

197

2.88

A summary of the temperature differences and overheating measured in the
temperature distribution experiments described above is shown in Table 19. Water,
silicalite and SAPO-11 precursors show only a small temperature difference and thus
small overheating due to the relatively long penetration depth compared to the vessel
diameter. The penetration depth for these media is sufficient to allow microwaves to pass
throughout the vessel. Hence, no significant “skin” heating of the periphery is observed
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and the lower temperature at the periphery is likely due to heat loss to the surrounding
air.
NaY exhibits the greatest temperature differences and overheating due to the
relatively small penetration depth (2.6 mm at room temperature and 2.45 GHz). Stirring
the precursor solution reduced but did not eliminate the overheating (50°C compared to
65°C).

Table 19: Summary of the steady state temperature gradients and overshooting for
temperature distribution experiments using a 40 mm vessel and the CEM MARS®-5
oven. Temperature set point 60 oC controlled at position V (center), 3 min ramp
time
Medium

Stirring

Temperature Difference

Overshoot (Difference

between the Highest

between the Measured

Temperature and the Set

Controlled Temperature

Temperature

and its Set Point)

(°C)

(°C)

Water

N

3

1

Silicalite

N

5

2

SAPO-11

N

10

7

NaY

N

65

13

NaY

Y

50

7

5.4.4 Effect of Overheating on NaY Synthesis

Herrmann et al.84 studied zeolite precursor solutions with short penetration depths
such as LTA, MFI and VFI in order to demonstrate the overheating at the vessel
periphery. Similarly, we focused on the NaY precursor solution temperature distribution
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and synthesis since this material exhibits the greatest temperature difference between the
region near the wall and the center due to its short penetration depth of microwaves. To
demonstrate the overheating effect on this zeolite synthesis, NaY zeolite was synthesized
from its precursor solution under microwave heating while controlling the temperature at
either the middle center (position V) or at the periphery (position IV). The precursor
solution was heated to 95°C with 12 minutes ramp time and held at that temperature for
different times. Figure 41 shows the temperature measured at position I through V in
NaY solution controlled by the fiber-optic probe at position V (center). Controlling the
center produces a large overheating effect of up to ~50°C at the wall and a gradient from
the wall to the center of ~30°C (between positions II and V).
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Figure 41: Temperature measured within NaY precursor solution at set point of
95˚C at position V . (a) center positions and (b) wall positions. Ramp time of 12
minutes

When the temperature at the periphery (position IV) was controlled, the
overheating effect was reduced. Figure 42 shows the temperature measured at position I
through V for NaY solution heated to 95°C controlled by the probe at position IV
(periphery). Compared to the temperature profile shown in Figure 41 for center probe
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controlled, it is obvious that there is significantly less overheating effect with an
overshoot of only ~2°C and a gradient between the wall and center of 12°C. The
temperature near the vessel wall is controlled and the center maintains a slightly lower
temperature at steady state (~85°C) due to heat transfer limitations. As a result, in order
to maintain a more even temperature distribution in the microwave heated sample,
controlling the periphery temperature is preferred for this system. However, it has been
shown that for some zeolite syntheses non-uniform heating typically enhances the
reaction rate.6,54
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Figure 42: Temperature measured within NaY precursor solution at set point of
95˚C at position IV. (a) center positions and (b) wall positions. Ramp time of 12
minutes

An additional experiment was undertaken by using stirring in addition to
temperature control at the center position (V) in order to create a more even temperature
distribution while controlling the temperature at the center.

Figure 43 shows the

temperature measured at position I through V for NaY solution heated to 95°C controlled
by the probe at position V, with simultaneous stirring of the solution. Compared to the
temperature profile shown in Figure 41 for center probe controlled without stirring, it is
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obvious that there is an intermediate overheating effect with an overshoot of only ~10°C
and a difference between the wall and center of 30°C. Indeed, stirring decreases the
overheating effect but not to the extent of that produced from controlling the temperature
at the periphery.
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Figure 43: Temperature measured within NaY precursor solution at set point of
95˚C at position V with stirring. (a) center positions and (b) wall positions. Ramp
time of 12 minutes
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Figure 44: Crystallization curves for NaY zeolite prepared using microwave heating
with the microwave power controlled by the temperature at position V without
stirring, position V with stirring and position IV all at 95°C and 12 min. ramp time

Figure 44 shows crystallization curves for NaY synthesized at 95°C up to 6 hours
with 12 minutes ramp time. Controlling the temperature at the periphery of the vessel
delays the nucleation of NaY by approximately 80 minutes compared to that obtained
from controlling the center temperature. However; the crystallization rate is similar
(0.010 compared to 0.017 min-1). Controlling the temperature at the periphery (IV)
causes less temperature variations to occur within the solution (Fig. 41 and 42) that leads
to a longer nucleation time.
These findings are in a complete agreement with what we reported previously on
this zeolite synthesis in two reactor geometries with 11 mm and 33 mm diameter vessels.
The bigger the vessel diameter to penetration depth ratio, the greater the chance for
thermal variations. The NaY synthesis in the 33 mm reduced the nucleation time by 100
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min compared to the 11 mm vessel, where the crystallization rates were found to be
similar.6
Furthermore, the zeolite precursor was stirred during microwave heating
controlled at the center in order to demonstrate the effect of mixing on the solution and
hence evening out the temperature variations during synthesis. It can be seen in Figure
44 that the crystallization curve for this control mode shifts to slower nucleation, i.e.,
toward that obtained with control at the periphery. Stirring thus was found to delay
nucleation to 90 min compared to 50 min for center (V) controlled without stirring.
However, the nucleation is not delayed to the same extent as that produced by the static
solution with controlling the periphery temperature (IV).
This may indicate that the rate enhancement effect, due to microwave heating is
not purely an overheating effect and that even with greater temperature uniformity on the
macroscopic level in the vessel by stirring the heated solution, microscopically there is
still an athermal energy distribution82 and hence a microwave effect.59 Table 20 lists the
nucleation times, crystallization rates, particle size and numbers for the synthesis of NaY
at 95°C using temperature control at the center and periphery.
Particle sizes are determined from samples at the initial maxima in the
crystallization curves (the beginning of the plateau region). SEM was used to determine
particle sizes; the number of particles was estimated from the average size and yield.
Figure 45 shows the SEM micrographs of NaY zeolite from microwave synthesis at 95°C
using center control (V), periphery control (IV) and center control (V) with stirring.
There is no significant difference in the product zeolite particle sizes among the three
methods of temperature control.

Therefore, the synthesis rate is predominantly
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dependent on the rate of nucleation and the difference in crystallization rates does not
produce significant differences in particle sizes or morphology.

(b
)

(a)

(c)

Figure 45: SEM micrographs of NaY zeolite from microwave synthesis using (a)
center control, (b) periphery control and (c) center control with stirring. For the
samples at the beginning of the plateau region on the crystallization curves
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Table 20: The nucleation times, crystallization rates and energy consumption of
NaY zeolite synthesis using temperature control at different positions within the
reactor. Particle sizes and numbers for the samples at the beginning of the plateau
region on the crystallization curve
Controlled

Ramp

Nucleation

Temperature

Time

Time

(min)

(min)

Crystallization Rate Energy Consumption
(min-1)

Particle

at 50% Crystallization Sizea (µm)

Weight

Estimated

(g)

Number of
Particlesb

(Wh)

x1012
Center Middle (V),

12

50

0.010

650

0.38±0.12

10.65

287

12

130

0.017

720

0.40±0.08

10.17

235

12

90

0.009

700

0.40±0.13

10.02

231

No Stirring
Periphery Middle
(IV), No Stirring
Center Middle (V),
With Stirring
a

statistical size distribution based on 96 crystals.

b

Assuming spherical particles. Density107 of 1.29 gcm-3.

In order to determine if Ostwald ripening is a possible process during this
synthesis of NaY under differently controlled microwave heating, the particle sizes and
numbers were measured at longer times in the plateau region on the crystallization
curves. The SEM micrographs of NaY samples prepared using center (V) and periphery
control (IV) are shown in Figure 46. The particle morphology is similar for all samples,
i.e all particles are spherical. The measured particle sizes and estimated number of
particles are shown in Table 21 for the samples at the end of the plateau region on the
crystallization curves using either center (with and without stirring) or periphery
temperature control. The particle sizes increased with increasing the time of the reaction.
Furthermore, the estimated numbers of particles decreased with increasing the reaction
time. This increase in the particle sizes and decrease in the particle numbers, especially
for the stirred and periphery controlled syntheses, indicates that Ostwald ripening is a
possible mechanism of growth in these two cases. It is clear that with stirring the
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solubility of the small particles increases which enhances the growth of the large
particles. However, it is not clear why this mechanism will occur in the periphery control
synthesis. Nevertheless, This phenomenon was observed for stirred55 and static108,109
synthesis of NaA zeolite. It was also reported that this process is possible for other zeolite
syntheses such as silicalite synthesis by both conventional and microwave
heating.54,110,111

Table 21: Particle sizes and numbers of NaY from crystallization using different
positions in the reactor to control the heating, with and without stirring for the
samples at the end of the plateau region on the crystallization curves
Controlled

Yield

Particle Sizea

Estimated Number of

Temperature

(g)

(µm)

Particlesb
x1012

Center Middle (V),

10.28

0.40±0.13

237

10.45

0.49±0.12

131

10.13

0.45±0.12

164

No Stirring
Periphery Middle (IV),
No Stirring
Center Middle (V),
With Stirring
a

statistical size distribution based on 96 crystals.

b

Assuming spherical particles. Density107 of 1.29 gcm-3.
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(a)

(b
)

(c)

Figure 46: SEM micrographs of NaY zeolite from microwave synthesis using (a)
center control (position V, no stirring), (b) periphery control (position IV) and (c)
center control with stirring (position V). For the samples at the end of the plateau
region on the crystallization curve

5.5 Conclusions

We have investigated the temporal and spatial properties of microwave heating of
DI water (dipolar liquid) and zeolite precursor solutions (ionic solutions) to shed light on
the macroscopic distributions of energy in these systems.
Initially, distilled water was used to demonstrate the thermal processes induced by
microwave heating. An energy balance was applied to the system heated by microwaves
at a fixed average power of 68 W. Two delivery modes were investigated: continuous and
pulsed (1s on/ 2s off). Higher temperatures were reached by pulsed power delivery
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compared to that by continuous power delivery at the same average power. The
penetration depth of water increases with increase in temperature. This leads to reduction
in the amount of absorbed microwaves and thus reduced heating rate. The absorbed
microwave power was found to follow a linear function of temperature with average
constant values of 17.7 W and -0.16 W/K for continuous power delivery and 20.2 W and
-0.12 W/K for pulsed power delivery at (1 s on/ 2 s off). Although the proposed thermal
model is simple, it shows the importance of considering the temperature-dependent
dielectric properties and the knowledge of the E-field distribution within the dielectric
media heated by microwaves to fully characterize its thermal interactions with
microwaves.
SAPO-11, silicalite and NaY zeolite precursor solutions were used to demonstrate
the temperature gradients in a 40 mm ID vessel, using five fiber-optic temperature
probes. These temperature profiles were compared to that measured for water at a
setpoint of 60°C at the center of the solution. Water, silicalite and SAPO-11 precursors
show only a small temperature gradient and overheating due to the relatively large
penetration depth.

In comparison, NaY precursor solution exhibits the greatest

temperature gradients and overheating due to the relatively small penetration depth (2.6
mm at 25°C and 2.45 GHz). Controlling the temperature at the periphery (position IV)
significantly reduced the overheating (12°C compared to 50°C, with control at the center
(V) and 60°C set point). Similar reduction in overheating was produced using stirring of
the precursor solution.
The crystallization curves for NaY at 95°C under center (position V) and
periphery (position IV) temperature control were determined by reacting precursor
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material for different times and characterization with X-ray diffraction and SEM. It was
found that center control (position V) leads to an enhanced reaction rate via nucleating
the zeolite earlier, as compared to the periphery control (position IV). If stirring was
used with center temperature control, the crystallization curve shifts towards that
determined for periphery control, indicating that non-uniform temperature distribution
enhances this synthesis. Furthermore, Ostwald ripening was found to be a possible
process for NaY synthesis under these conditions.
Overheating is a significant effect, particularly with media with low penetration
depths. It accounts partially but not fully for the significant rate enhancement observed
for many zeolite syntheses. Non-thermal effects such as microscopic and/or interfacial
temperature gradients may also occur giving rise to the rate enhancements observed. 82
Finally, this study demonstrates the importance of overheating effects on
microwave zeolite syntheses, which can be utilized through microwave reaction
engineering parameters as discussed in Chapter 4. In the next Chapter we discuss the
effect of power delivery mode (pulse vs. continuous) on the synthesis of SAPO-11,
silicalite and NaY.
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CHAPTER 6

MICROWAVE SYNTHESIS OF ZEOLITES: EFFECT OF POWER DELIVERY

6.1 Overview

In Chapter 4 we have discussed the importance of controlling the microwave
reactor engineering parameters on the optimization of SAPO-11 and AlPO-11 microwave
synthesis. We have previously studied the effects of these parameters on the synthesis of
silicalite9,54, NaY6 zeolites. In Chapter 5, we investigated the thermal distributions under
two different microwave power delivery modes (pulsed vs. continuous) in water. Thus, it
is of great interest to study the effect of this microwave reaction engineering factor on the
synthesis of zeolites.
Pulsed versus continuous microwave synthesis has been studied by few workers
and primarily for organic syntheses.112-118 Early work by Kamarzsin et al.112 in 1985
indicated that the thermochemical properties of epoxy resins depended on the pulse
frequency of the microwave heating. Later, Fu et al.115 reported that continuous-power
microwave curing of epoxy resins produced noticeably higher reaction rates compared to
pulsed-power microwave curing. However, they concluded that this did not prove the
existence of a “non-thermal” effect of microwave heating. Zhu et al.117 showed that for
the emulsion polymerization of methyl methacrylate using pulsed microwave irradiation
in a waveguide reactor, significant increase in the reaction conversion occurred compared
to conventional heating (85.8% vs. 53% at 20 min.). Further, they observed that the
microwave pulse frequency had no effect on the polymerization rate under those
conditions.
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Few reports exist in the literature on the effect of pulsed microwave synthesis of
inorganic materials such as zeolites.119-121 Typically, the synthesis is carried out using a
microwave oven operating under a duty cycle pulsing the microwaves. However, using a
waveguide allows the microwave field to be controlled and well understood due to the
monomode cavity size compared to an oven which typically contains a complex
multimode field distribution.
We have reported the use of pulsing and continuous microwave power delivery
during synthesis of NaA zeolite.120 The relative amounts of the products determined
from the in situ WAXS experiments, were similar when either pulsed or continuous
microwave heating is applied to the reactor while maintaining the same synthesis
temperature. Li and Yang reported that using pulsed microwave delivery for the synthesis
of NaA zeolite membranes produced spherical particle morphology while using
continuous microwave delivery produced cubic morphology.103
Simultaneous cooling during microwave synthesis has been suggested to result in
higher product yields and new pathways that were previously unattainable.122 However,
recent systematic studies on simultaneous cooling with microwave synthesis have shown
no reaction rate enhancement for organic reactions.123-125 Greater energy is used at higher
powers with insignificant change in yield. For example, Hosseini et al.125 studied (S)proline-catalyzed asymmetric Mannich- and aldol-type reactions using microwave
heating, and the observed rate enhancements were a consequence of the increased
temperatures attained by microwave dielectric heating and were not related to the
presence of the microwave field. Zeolite syntheses have been shown to be sensitive to
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various microwave reaction parameters.6,104 The effect of microwave power with
simultaneous cooling of different zeolites syntheses is therefore of interest.
Bonaccorsi and Proverbio studied the effect of microwave power on a continuous
synthesis of LTA zeolite. They found that using 1260 W at residence time of 13 min and
0.2% seeding in a coiled pipe reactor results in producing hydroxysodalite while using
900 W under the same conditions produced LTA zeolite. They also found that the LTA
zeolite particle size distribution decreased from a median of 1.36 µm at 360 W and
residence time of 29 min with 0.2% seeding to 0.91 µm at 900 W and residence time of
13 min and 0.2% seeding. However, they did not report the reaction temperature for each
case in this study.
In this Chapter, we investigate the effect of power delivery mode (pulsed vs.
continuous) on the microwave synthesis of zeolites; SAPO-11, silicalite and NaY. The
relationship between the nucleation time and crystallization rate and two types of
microwave heating method, namely, the use of pulsing versus continuous power delivery
are determined. Secondly, the effect of varying the power magnitude and hence field
intensity, while maintaining the same reaction temperature for different zeolite syntheses,
is presented.

6.2 Experimental Overview
6.2.1 Zeolite Precursor Solutions and Characterization

SAPO-11, silicalite and NaY synthesis solutions were prepared as discussed in
Chapter 2. SEM and x-ray characterization were also discussed in Chapter 2.

114

6.2.2 Microwave Reactor

The reaction precursor for SAPO-11 was crystallized at 160˚C. under autogenous
pressure for different reaction times in a polytetraflouroethylene ACV vessel (CEM
Corp). Silicalite precursor was reacted at 150˚C and NaY at 100˚C. The waveguide
system used to study the effect of microwave power on the synthesis consisted of a 2.45
GHz Sairem generator, with a maximum power output of 300 W, and a WR284 S-band
waveguide, as described in Table 22. The waveguide set up is described in details in
Chapter 2.
Pulsing experiments were undertaken using continuous microwave power during
the temperature ramp period and pulsed microwave power during the hold times unless
otherwise stated. A T1 fiber-optic temperature probe by “Neoptix” was used to measure
the temperature of the zeolite synthesis solution heated by microwaves in the waveguide.
This fiber-optic temperature probe was connected to a “Neoptix –ReFlex” temperature
readout which was connected to A/D Measurement Computing USB-1208LS data
acquisition board. This A/D board was interfaced with a PC computer through a USB
cable. LabVIEW (National Instruments Inc.) software was used to record the temperature
data with time and to control the microwave power produced by the Sairem generator.
The power delivery was varied using pulsing of either 1s on 2s off or 1s on and 3s off at
the same reaction temperatures.
Simultaneous cooling of the reaction vessel during microwave heating was
achieved by flowing a stream of nitrogen gas through the waveguide. The nitrogen gas
was first passed through a heat exchanger immersed in a liquid nitrogen or ice bath, then
into the waveguide.
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Table 22: Microwave waveguide system and reaction parameters
System

S-band circular waveguide with 2.45 GHz generator

Manufacturer

Sairem Corp. France

Description

Monomode
Circular waveguide

Cavity volume

178 mm (height) x 76 mm (Diameter) = 0.81 L

Frequency (GHz)

2.45

Maximum power

300 W

Magnetron

One magnetron

Irradiation modus

Monomode

Power delivery

Fixed frequency, continuous wave and pulsed 1s on 2s off and 1s on 3s off

Reactor type

33 mm ID ACV vessel (CEM Corp)

Temperature

and

Fiberoptic probe in a sapphire thermowell was used to measure the

pressure measurement

temperature while no pressure measurements were taken

Program

8 min ramp, up to 120 min hold (SAPO-11)
35 min ramp, up to 110 min hold (Silicalite)
3 min ramp, up to 135 min hold (NaY)

Max, temp. (˚C)

160˚C (SAPO-11), 150˚C (Silicalite), 100˚C (NaY)

Quantity of reactant

15g (SAPO-11 and silicalite), 12g (NaY)

Cooling

Flow of N2 gas cooled by liquid N2 or an ice bath

6.3 Results and Discussion
6.3.1 Continuous versus Pulsed Power Delivery

The effect of microwave power delivery mode was studied using three zeolite
syntheses; SAPO-11, silicalite and NaY as described above.
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SAPO-11 was synthesized at 160˚C using the waveguide reactor with the power
controlled using a PC computer and LabVIEWTM (National Instruments Inc.) software to
remotely operate the Sairem generator. The power delivery was varied using pulsing of
1s on 2s off and 1s on and 3s off, throughout the hold time period only. Figure 47 shows
the crystallization curves for SAPO-11 prepared by microwave synthesis at 160˚C using
different microwave power delivery in a circular microwave waveguide.
It can be seen that the pulsing has no significant effect on the nucleation time (17
min) or the crystallization rate (~0.01 min-1). The SEM micrographs of the SAPO-11
powders synthesized using the three different power delivery methods (at 0.95 relative
crystallinity) are shown in Figure 48. The SEM micrographs show that crystals of
approximately twice the size are produced using continuous microwave heating
compared to pulsed. The particle size was determined from measurements from the SEM
micrographs and the number of particles was estimated from the yield (Table 23).
Pulsing the microwave power while maintaining the same reaction temperature
(160˚C) produced a lower yield of smaller crystals compared to continuous power.
However, more numerous particles were produced using pulsing indicating that although
the nucleation time is the same a greater number of crystals are nucleated with pulsed
power. This may be related to the higher instantaneous power delivery during the pulse.
Smaller crystals can be produced in the same reaction time, using less average power
using pulsing microwaves.
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Figure 47: Crystallization curves for SAPO-11 prepared by microwave synthesis at
160˚C using different microwave power delivery in a circular microwave
waveguide; continuous, pulsed 1 s on 2 s off, and pulsed 1 s on 3 s off. Average
steady state microwave power during hold time is shown

Table 23: Nucleation times and crystallization rates for the microwave synthesis of
SAPO-11 at 160˚C using power delivery (pulsed and continuous) in a circular
waveguide reactor and ACV vessel. 8 minute ramp time. Yields, particle size and
estimated numbers at 0.95 relative crystallinity
Power

Nucleation

Crystallization

Power at

Yield

Particle Size

Estimated**

Delivery

Time

Rate

Steady

(g)

(µm)

Number of

Mode (2.45

(min)

(min-1)

State*

Particles

(W)

x1010

GHz)
Continuous

17

0.014

65

1.64

3.77±0.55

2.9

1 s on/2 s off

17

0.013

62

1.44

2.70±0.20

6.9

1 s on/3 s off

17

0.015

55

1.08

2.49±0.24

6.7

* The power fed by the microwave generator.
** assuming the same density (~2 g/cm3) for all samples and spherical particles.
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(a)

(b)

(c)

Figure 48: SEM micrographs of SAPO-11 prepared by microwave synthesis at
160˚C using different microwave power delivery in a circular waveguide; (a)
continuous, (b) pulsed 1 s on 2 s off, and (c) pulsed 1 s on 3 s off. Magnification =
x2000. Scale bar = 10 µm

The effect of pulsing versus continuous microwave power was also assessed on
the synthesis of silicalite zeolite at 150˚C. Similarly, to the synthesis of SAPO-11,
silicalite displays no significant change in the nucleation time and crystal growth rate
between using continuous or pulsed power (see Fig. 49, Table 24). However, there is a
reduction in the steady state power usage with pulsing, as with the synthesis of SAPO-11.
The reaction temperature can be maintained by using microwave power applied only a
fraction of the time, hence less energy. As shown in Table 24, the yield decreases slightly
with use of pulsing, however the average particle size and number are within error. This
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is consistent with the fact that the nucleation times are the same for all power delivery
methods, even with using pulsing during both the ramp and hold times.

100
Continuous. Avg. power = 45 W
Pulsed: 1 s on 2 s off. Avg. power = 33 W
Pulsed: 1 s on 3 s off. Avg. power = 30 W
Pulsed (1 s on 2 s off) during both ramp
and hold steps.Avg. power =33 W
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Figure 49: Percent yield curves for silicalite prepared by microwave synthesis at
150˚C using different microwave power delivery in a circular microwave
waveguide; continuous, pulsed 1 s on 2 s off, and pulsed 1s on 3s off, and pulsed (1 s
on 2 s off) during both ram and hold times. Average steady state microwave power
during hold time is shown.
Table 24: Nucleation times and crystallization rates for the microwave synthesis of
silicalite at 150˚C using power delivery (pulsed and continuous) in a circular
waveguide reactor and ACV vessel. Yields, particle size and estimated numbers at
75% yield. Ramp time of 35 min to 150˚C
Delivery Mode

Nucleation

Percent Yield

Power at

Yield

Particle Size

Estimated**

Time

Rate

Steady

(g)

(µm)

Number of

(min)

(min-1)

State*

Particles

(W)

x1012

Continuous

40

0.035

45

0.94

0.70 ± 0.06

2.91

1 s on 2s off

40

0.028

33

0.91

0.73 ± 0.05

2.48

1s on 3s off

40

0.030

30

0.90

0.72 ± 0.07

2.55

Pulse during ramp and

40

0.028

33

0.90

0.73 ± 0.05

2.45

hold times, 1s on 2s off
*

The power fed by the microwave generator.
96 particles measured. Assumed spherical shape and density of silicalite 1.8 gcm-3.

**
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Figure 50 shows the SEM micrographs of the silicalite crystals obtained after the
same relative percent yield. It can be seen that the same hexagonal “pill box” shape and
crystal size is observed for all cases, with little twining observed. Significant power
savings can be made using pulsed microwave heating compared to continuous power
delivery, with little effect on the crystal morphology, size or number for silicalite
synthesis.

(a)

(b)

(c)

(d)

Figure 50: SEM micrographs of silicalite prepared using microwave heating with (a)
continuous power, (b) 1s on 2s off pulsing, (c) 1s on 3s off pulsing and (d) 1s on 2s off
pulsing during ramp and hold times. Reaction at 150˚C with 35 min ramp time.
Scale bar = 1 µm, x 10,000 magnification
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A third zeolite synthesis (NaY) was also studied to determine the influence of
power delivery on the nucleation time and crystallization rate. Synthesis was carried out
at 100˚C using 12 grams of the precursor gel. Figure 50 shows the crystallization curve
for this synthesis using continuous and two pulsed power deliveries as used for the
SAPO-11 and silicalite syntheses. There is no significant difference observed for the
crystallization curves between continuous and pulsed. The nucleation times,
crystallization rates and particle sizes are summarized in Table 25. Pulsing the power
does not affect either the nucleation time or the crystallization rate.

The particle sizes

and morphology between the syntheses were determined at the same relative crystallinity
point on the curve (0.99) by obtaining the SEM micrographs of the dried powders (Fig.
51). The NaY zeolite samples show the same indistinct morphology with general particle
size range of ~0.1-0.7 µm. Particle size number estimates could not be undertaken in this
case since the morphology is too irregular. It should be noted that other microwave
reactor engineering procedures and protocols produce uniform particle morphology.59
Similarly to the syntheses of SAPO-11 and silicalite, the average steady state power used
could be dramatically reduced with using pulsed power delivery with no effect on the
crystallization rate or particle morphology.
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Table 25: Nucleation times and crystallization rates for the microwave synthesis of
NaY at 100˚C using power delivery (pulsed and continuous) in a circular waveguide
reactor and ACV vessel. Yields, particle size and estimated numbers at 0.99 relative
crystallinity. Ramp time of 3 minutes to 100˚C
Delivery

Nucleation

Crystallization

Power at

Yield

Particle Size

Mode

Time

Rate

Steady State*

(g)

(µm)

(min)

(min-1)

(W)

Continuous

60

0.024

21

2.08

~0.1-0.7

Pulsed: 1 s on

60

0.026

15

2.05

~0.1-0.7

60

0.025

13

2.11

~0.1-0.8

2 s off
Pulsed: 1 s on
3 s off
*

The power fed by the microwave generator.

1.2

Continuous. Avg. power = 21 W
Pulse: 1 s on 2 s off. Avg. power = 15 W
Pulse: 1 s on 3 s off. Avg. power = 13 W
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Figure 51: Crystallization curves for NaY prepared by microwave synthesis at
100˚C using different microwave power delivery in a circular microwave
waveguide; continuous, pulsed 1s on 2s off and 1s on 3s off. Average steady state
microwave power during hold time is shown
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(a)

(b)

(c)

Figure 52: SEM micrographs of zeolite NaY prepared by microwave synthesis at
100˚C using different microwave power delivery in a circular waveguide; (a)
continuous, (b) pulsed 1 s on 2 s off, and (c) pulsed 1 s on 3 s off. Scale bar = 1 µm,
x7500 magnification
6.3.2 Magnitude of Power

Although the effect of power delivery mode on the reaction rate has been
determined for many reactions as described above, the effect of microwave power while
controlling the reaction temperature via use of simultaneous cooling from an external
source has not been studied for zeolite synthesis. Recent studies have indicated that
homogeneous organic reactions show no significant rate enhancement with simultaneous
cooling.126 Is there a similar effect for heterogeneous reactions, such as zeolite syntheses?
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The microwave synthesis of SAPO-11 at three steady state power levels was
undertaken while maintaining the reaction temperature at 160˚C as measured at the center
bottom of the precursor solution. Figure 53 shows the crystallization curves for the
microwave synthesis of SAPO-11 at 160˚C at microwave power of 65, 130 and 210 W
using simultaneous cooling by nitrogen gas cooled in liquid nitrogen bath.
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Figure 53: Crystallization curves for SAPO-11 prepared by microwave synthesis at
160˚C using different steady state microwave power in a monomode circular
waveguide reactor and ACV vessel

From Figure 53, it can be seen that there is little change in the nucleation time (at
approx. 17 minutes) while there is a dramatic increase in the crystal growth rate with
increasing microwave power. Table 26 shows the nucleation times and crystallization
rates for the three synthesis powers. The crystallization rate is four times greater with a
3-fold increase in the microwave power.
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(a)

(b)

(c)

Figure 54: SEM micrographs of SAPO-11 prepared by microwave synthesis using
15 g of precursor, reacted at 160˚C using microwave power of (a) 65 W, (b) 130W
and (c) 210W, in a circular waveguide at 2.45 GHz. Scale bar = 10 µm. x2000
magnification
Table 26: Nucleation times and crystallization rates for the microwave synthesis of
SAPO-11 at 160˚C using different microwave power in a circular waveguide reactor
and ACV vessel. A relative crystallinity of about 0.85
Power at

Ramp Time

Steady State*
(W)

Nucleation

Crystallization Rate

Yield

Particle Size

Time

Number of
(min-1)

(min)

Estimated**

(min)

(µm)

Particles
x1011

(g)

65

8

17

0.014

1.64

3.77 ± 0.55

0.29

130

8

17

0.030

1.3

2.84 ± 0.41

0.54

210

8

13

0.066

1.11

2.04 ± 0.41

1.25

*The power fed by the microwave generator.
**assuming the same density (~2 g/cm3) for all samples and spherical particles.
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The SEM micrographs were obtained at the same relative crystallinity (~ 0.85)
position on the curves, shown in Figure 54. The particles are spherical in shape and at
210 W the particles are the smallest (2.04 µm) compared to 2.84 µm observed for the
intermediate power (210 W) and 3.77 µm for the lowest power at 65 W (see Table 26).
This consistent decrease in the particle size and the increase in the particle number with
increasing the power is in a great agreement with the results reported for the pulsed
experiments, where a lot of power is delivered in the “on” period, vs. continuous delivery
modes for this material (Table 23). The high intensity power seems to make smaller
particles stable that would not be stable in the low power. This results in decreasing the
nucleation time and increasing the growth rate which consequently decrease the particle
size and increase the number of particles.
The effect of microwave power with simultaneous cooling was also investigated
for silicalite synthesis. The relative percent yield curves for silicalite synthesis at 150˚C
and power of 45, 90 and 190 W are shown in Figure 55. Unlike the synthesis of SAPO11, at various powers with simultaneous cooling, silicalite does not show any rate
enhancement with increase in microwave power at the same reaction temperature
(150°C).
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Figure 55: Relative percent yield curves for the microwave synthesis of silicalite at
various steady state power levels and the same reaction temperature (150˚C)
Table 27: Nucleation times and relative percent yield rates for the microwave
synthesis of silicalite at 150˚C using different microwave power in a circular
waveguide reactor and ACV vessel. At relative percent yield of ~ 0.8.
Power at

Nucleation Time

Relative Percent

Steady State*

(min)

Yield Rate
(min-1)

(W)

Yield

Particle Size

Estimated**

(µm)

Number of

(g)

Particles
x1012

*

45

40

0.035

1.02

0.78 ± 0.06

2.28

90

40

0.037

1.02

0.75 ± 0.06

2.56

190

40

0.028

1.00

0.77 ± 0.08

2.32

The power fed by the microwave generator
96 particles measured. Assumed spherical shape and density of silicalite 1.8 gcm-3.

**

The nucleation times and relative percent yield rates for silicalite synthesized at
various microwave powers are shown in Table 27. Microwave power has no effect on
the nucleation time and little influence on the yield rate in this power range. Synthesis
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temperature and the ramp rate appear to be the major contributing factor in silicalite
synthesis.50 The SEM micrographs of the silicalite powders prepared above at relative
percentage yield of 0.85 are shown in Figure 56. It can be seen that unlike SAPO-11, the
particle size and morphology does not alter significantly with microwave power at steady
state. Furthermore, no significant differences in particle sizes or number were measured
for silicalite synthesized using applied microwave power between 45 and 190 W.
The synthesis of NaY zeolite at higher microwave power could not be achieved
due to the high freezing point of the precursor compared to SAPO-11 or silicalite
precursors. The solution would freeze under simultaneous cooling with nitrogen gas
passed through a liquid nitrogen bath.
(a)

(b)

(c)

Figure 56: SEM micrographs of silicalite prepared using continuous microwave
heating with power (a) 45 W, (b) 90 W, and (c) 190 W. Reaction at 150˚C with 35
min ramp time. Scale bar = 1 µm, x 10,000 magnification
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The ratio of the microwave power at steady state, based on the power when no
cooling is used (the lowest power), is plotted versus the reaction rate ratio (based on the
rate of the lowest power) for SAPO-11 and silicalite synthesized at 160˚C and 150˚C
respectively (Fig. 57). The power ratio and rate ratios are also shown in Table 28.
SAPO-11 displays an almost quadratic increase in rate with increase in power, whereas,
silicalite synthesis is independent of microwave power in this range.
For SAPO-11, the equation that fits the power ratio versus rate ratio is given as
follows in Equation 6.1.
Equation 6.1: y= 0.4259x2 – 0.2776x + 0.8517

where, y is the rate ratio and x is the power ratio.
Therefore the power is proportional to the square of the rate (Equation 6.2).
Equation 6.2: rate ∝ (Power) 2

SAPO-11 synthesis under microwave heating shows a high level of sensitivity to
the power delivery method. Larger crystals are formed using continuous power delivery
while, use of simultaneous cooling leads to faster crystallization rates. This may be
related to the significant rate enhancement observed using microwave heating compared
to conventional heating. SAPO-11 synthesis is activated rapidly and spontaneously under
these conditions. In comparison Silicaite and NaY syntheses are relatively independent
of power delivery methods.
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Table 28: Power ratio and crystallization rate ratio for microwave synthesis of
SAPO-11 at 160˚C and silicalite at 150˚C, using different microwave power fed by
the generator in a circular waveguide reactor and ACV vessel
Power Ratio at Steady State

Crystallization Rate Ratio
SAPO-11

Silicalite

1

1

1

2

2

1

3.2

4.4

-

4.3

-

0.99

6

5

S A P O -11

Rate ratio

4

3

2

Silicalite

1

0
0

1

2

3

4

5

6

P ow er ratio

Figure 57: Crystallization rate ratio versus power ratio curve for SAPO-11
prepared at 160˚C and silicalite synthesized at 150˚C by microwave synthesis, using
different microwave power in a monomode circular waveguide reactor and ACV
vessel
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6.4 Conclusions

The effect of microwave power and pulsing on the synthesis of zeolites
silicoaluminophosphate SAPO-11, silicalite and NaY was studied, using a circular
waveguide reactor. Pulsing the microwave power at a rate of 1 s on, 2 s off, or 1 s on 3 s
off, compared to continuous power showed no significant effect on the crystallization
curve for SAPO-11, silicalite or NaY syntheses. However, continuous power heated
SAPO-11, produced larger particles. Pulsing has little effect on the crystallization rate
compared to other parameters; however, substantial energy savings can be made using
this mode of power delivery.
Secondly, the effect of power magnitude on the synthesis rate while maintaining
the same reaction temperature was investigated for SAPO-11 and silicalite. The power
used to heat the SAPO-11 reaction solution to 160˚C was varied by applying cooling gas
at various rates. Significant enhancement of the crystallization rate was observed with
increasing the power, with little effect on the nucleation time. The crystallization rate to
power relation was found to obey a quadratic curve. Lower power produced larger
crystals but took a longer reaction time. Conversely, silicalite synthesis at 150˚C was
found to be independent of the magnitude of the applied microwave power. The dielectric
properties for these silicalite and SAPO-11 synthesis solutions are very similar.
Therefore, the enhancement observed in the SAPO-11 synthesis with increasing
microwave input power is due to non-thermal (microwave) interactions. In general
microwave heating enhances the reaction rate compared to conventional heating for
zeolite syntheses but not for all zeolite. SAPO-11 synthesis is particularly sensitive to the
microwave field conditions.
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Pulsing the microwave power during the zeolite synthesis can be used to save
energy. However, Simultaneous cooling could be a waste of energy if it doesn’t enhance
the zeolite synthesis significantly.
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CHAPTER 7

MAIN CONCLUSIONS-RECOMMENDATIONS FOR FUTURE WORK

The main conclusions of this dissertation are:

•

Microwave synthesis enhances both the nucleation and growth of SAPO11, for this duel template system reacted at 175˚C.

•

Heating ramp rate affects both nucleation and growth. A faster heating
rate produces more numerous and smaller crystals for conventional
heating. While more numerous crystals are formed with slower ramp rate
in the microwave heating with the crystal size remained more or less
unchanged.

•

More uniform crystal morphology and narrow size distributions are
formed using microwave heating, indicating even and rapid nucleation.

•

The rapid heating rate by microwaves does not solely account for the
enhancement to the nucleation and growth rates.

•

The heating method during the nucleation period dictates the morphology
and the particle size distribution.

MW-CH gives more uniform and

narrow particle distribution compared to CH-MW.
•

The conventional process is enhanced by using the glycerol bath due to
greater thermal conduction compared to conventional oven.
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•

Significant savings in energy can be made using microwave heating for
this process and the remarkable speed of synthesis potentially enables the
use of continuous processing with only a few minutes residence time.

•

Optimization of the many engineering factors for the microwave synthesis
of SAPO-11 (and AlPO-11) is critical to minimizing the energy and time
consumption, while preparing a material of the desired morphology.
Following is a summary of the parameter optimization for SAPO-11 (and
AlPO-11) microwave synthesis, which may also apply to other microwave
zeolite syntheses:
o Small precursor volume or a system where the liquid surface area-

to-volume ratio is high produces high crystallization rate and high
yield. 15 g of precursor was optimal for SAPO-11.
o 200˚C reaction temperature for SAPO-11 produces small particle

size and enhanced nucleation and crystallization.
o Multimode microwave oven at fixed frequency shows the best

performance of the applicator type employed for the synthesis of
SAPO-11. The uneven microwave field distribution enhances the
reaction rate. Higher frequencies produced faster crystallization
rate however, these high frequency systems are not commonly
available.
o Stirring or mixing produces has little effect on the overall reaction

rate; however it decreases the nucleation time for AlPO-11.
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•

Higher temperatures were reached by pulsed microwave power delivery
compared to that by continuous microwave power delivery at the same
average power. The penetration depth of water increases with increase in
temperature. This leads to reduction in the amount of absorbed
microwaves and thus reduced heating rate.

The absorbed microwave

power was found to follow a linear function of temperature with average
constant values of 17.7 W and -0.16 W/K for continuous power delivery
and 20.2 W and -0.12 W/K for pulsed power delivery at (1 s on/ 2 s off).
•

Water, silicalite and SAPO-11 precursors show only a small temperature
gradient and overheating due to the relatively large penetration depth. In
comparison, NaY precursor solution exhibits the greatest temperature
gradients and overheating due to the relatively small penetration depth
(2.6 mm at 25°C and 2.45 GHz). Controlling the temperature at the
periphery (position IV) significantly reduced the overheating (12°C
compared to 50°C, with control at the center (V) and 60°C set point).
Similar reduction in overheating was produced using stirring of the
precursor solution.

•

The crystallization curves for NaY at 95°C under center (position V) and
periphery (position IV) temperature control were determined by reacting
precursor material for different times and characterization with X-ray
diffraction.

It was found that center temperature control leads to an

enhanced reaction rate via nucleating the zeolite earlier, as compared to
the periphery temperature control.
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If stirring was used with center

temperature control, the crystallization curve shifts towards that
determined for periphery control, indicating that non-uniform temperature
distribution enhances this synthesis.
•

Pulsing the microwave power at a rate of 1 s on, 2 s off, or 1 s on 3 s off,
compared to continuous power showed no significant effect on the
crystallization curve for SAPO-11, silicalite or NaY syntheses. However,
continuous power heated SAPO-11, produced larger particles. Pulsing has
little effect on the crystallization rate compared to other parameters;
however, substantial energy savings can be made using this mode of
power delivery.

•

The power used to heat the SAPO-11 reaction solution to 160˚C was
varied by applying cooling gas at various rates. Significant enhancement
of the crystallization rate was observed with increasing the power, with
little effect on the nucleation time. The crystallization rate to power
relation was found to obey a quadratic curve. Lower power produced
larger crystals but took a longer reaction time.

Conversely, silicalite

synthesis at 150˚C was found to be independent of the magnitude of the
applied microwave power. The dielectric properties for these silicalite and
SAPO-11 synthesis solutions are very similar.
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APPENDIX A

WAVEGUIDE SYSTEMS

A.1 2.45 GHz: SAIREM Generator

The waveguide based system which was employed for the microwave synthesis of
zeolites was supplied with microwaves at frequency of 2.45 GHz by a Sairem GMP 03
KS/M generator (Fig. 58). The maximum microwave power output of this generator was
300W. This was input into a custom waveguide cavity via a coaxial cable connection. A
coaxial double stub tuner between the coaxial cable and the waveguide was used to
maximize power transfer from the generator to the waveguide. This was accomplished by
minimizing the reflected power from the waveguide to the source. The waveguide cavity
was constructed with a WR-284 rectangular water load (Gerling Applied Electronics), a
WR-284 waveguide to coaxial transition and a 7 inch long, 3 inch inside diameter
cylindrical waveguide section. Rectangular to cylindrical transitions were used to join the
WR-254 rectangular components with the cylindrical section. The reaction vessel used
was a 100ml Teflon ACV cylindrical reaction vessel (CEM Corp.).
The cylindrical ACV vessel has identical internal dimensions as the GreenChem
vessel used in the MARS®. It had an internal diameter of 33 mm and an internal height of
117 mm and was sealed with a screw top frame. The reaction vessel was positioned in the
cylindrical section of the waveguide cavity as shown in Figure 58. The temperature was
monitored with a T1 fiber optic temperature sensor which was contained in a sapphire
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thermowell running through the center of the reaction vessel as in other microwave
reaction vessels. The temperature sensor had a PTFE Teflon coating and was supplied by
Neoptix Corp. The sensor was connected to a Neoptix ReFlex meter. This was linked to
A/D Measurement Computing USB-1208LS data acquisition board. This A/D board was
interfaced with a PC computer through a USB cable. LabVIEW software by National
Instruments was used to record the temperature data with time (These connections are
discussed in more details in Appendix C).
For synthesis in the waveguide column, the microwave power output of the
Sairem generator was controlled by the LabVIEW software to achieve and maintain the
desired reaction temperature. The microwave power was continuously delivered by the
generator for these studies. The use of pulsed microwave power delivery was possible
and was explored for microwave synthesis with this reactor. The temperature ramp
comparable to those achieved for synthesis experiments in the MARS®-5 and the
Discover® ovens was attainable by this waveguide system.
The microwave waveguide was operated as the single pass mode, in which the
microwaves which enter the waveguide pass from the source and through the waveguide
once. The microwaves which pass to the end of the waveguide are absorbed by a water
load located at the terminating end. This provides a known microwave electric field
distribution in the empty waveguide. In the section of the waveguide that contains the
vessel the microwave field distribution is modified in a way that can only be predicted by
numerical simulation
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Dummy load (water)
3” ID cylindrical to WR-284
transition

FO temp probe
117 mm tall x 33 mm ID
cylindrical teflon vessel

7” L x 3” ID cylindrical
waveguide

WR-284 transition to 3” ID
cylindrical
Coax adaptor

Coax stub tuner

Coax cable
2.45 GHz MW
generator

Figure 58: Schematic of the microwave waveguide column with a 2.45 GHz Sairem
Generator
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Figure 59: Picture of the microwave waveguide column with a 2.45 GHz Sairem
Generator

A.2 5.8 and 8.7-10.5 GHz Waveguide Systems

Microwave cavities running on 5.8 and 8.7-10.5 GHz were constructed to test the
influence of frequency on microwave synthesis.. These are not currently connected to a
computer interface and cannot be controlled remotely.
The 5.8 GHz and the 8.7-10.5 GHz microwave waveguide reaction systems are
shown in Figure 60 and Figure 62 respectively. These systems contain the same 7 long x
3” inside diameter cylindrical waveguide section where the reaction vessel is contained as
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in the 2.45 GHz column reactor. Additionally, the same WR-284 Dummy load and 3”
inside diameter cylindrical to WR-284 transition above the reaction vessel section are
used in each experimental setup at the different frequencies. Thus, these waveguide
systems were operated in a single pass mode. The reaction vessel used in all waveguide
systems was a 100ml Teflon ACV cylindrical reaction vessel (CEM Corp.). Unlike the
2.45 GHz system which employs a coaxial cable and stub tuner to input microwaves into
the waveguide cavity, these higher frequency systems employ a ferrite waveguide
circulator with a dummy load. This was used to protect the magnetrons by preventing
reflection of microwaves back to the source.
The 5.8 GHz waveguide system was supplied with microwaves by a Gerling
Applied Electronics GA4007A Magnetron. This had a maximum power output of 600
Watts. The forward and reverse power in the waveguide was measured with a directional
coupler connected to a power meter. This was located below the reaction vessel. A
custom CPR-159 to 3 inch inside diameter transition was used to connect the directional
coupler to the cylindrical waveguide section. The waveguide components were CPR-159,
manufactured by Gerling Applied Electronics.
In the 8.7-10.5 GHz reaction setup, power at 60 Hz frequency 220 volts AC was
converted to 400 Hz with a PU-20 military frequency converter. This was sent to the
ALT-6 microwave transmitter via a power supply. The microwave transmitter provided
microwave power up to 150 Watts through a WR90, X band waveguide. The frequency
of the magnetron was manually tunable between 8.7 to 10.5 GHz using a knob located in
the generator. A 90 degree E-bend waveguide section (WR90) was placed after the
circulator to allow the column section to be oriented vertically. The WR90 E-bend was
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connected to a WR-90 cylindrical to WR-284 transition. The remaining components used
in the 8.7-10.5 GHz reaction setup were the same components that were used in the 2.45
GHz setup.

Dummy load (water)
3” ID cylindrical to WR-284
transition

FO temp probe

7” L x 3” ID cylindrical
waveguide

117 mm tall x 33 mm ID
cylindrical teflon vessel

WR-159 transition to 3” ID
cylindrical
Directional
coupler
Circulator

Dummy load (water)

5.8 GHz MW generator

Figure 60: Schematic of the microwave waveguide column with a 5.8 GHz frequency
microwave generator
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Figure 61: Picture of the microwave waveguide column with a 5.8 GHz
frequency microwave generator.
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Dummy load (water)
3” ID cylindrical to WR-284
transition
FO temp probe
7” L x 3” ID cylindrical
waveguide

117 mm tall x 33 mm
ID cylindrical teflon
vessel

WR-284 transition to 3” ID
cylindrical

Dummy load
WR-90 cylindrical to WR284 transition
Frequency
Converter

8.8 - 10 GHz MW
generator

WR-90, E-Bend
Circulator

Figure 62: Schematic of the microwave waveguide column with a 8.8-10 GHz
frequency microwave generator

-3500 VDC
220 VAC, 1 Phase
60 Hz, 20 Amps

Frequency
Converter

Power
Supply

+1500 VDC

Transmitter

Power/Control

Load
Figure 63: X band RF package block diagram radio research instrument company
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A.3 Supplementary Information on the Variable Frequency Microwave (VFM)
A.3.1 Apparatus Description

The equipment used included a PU-20 military electric generator, as seen in Figure
64, that converts 220 volts AC to 400 Hz. This then powered the power supply for the ALT-6
radio transmitter. The VFM generator was a 150W Radio Research generator. The VFM
included the radio transmitter which contained the magnetron that produces microwaves. The
radio transmitter used a system of hydraulics to change the frequency and to sweep over
particular bandwidths. This system can range in microwave frequencies from 8.6 GHz to
10.5 GHz. The waveguide used was a 33mm WR159 X-band waveguide. A coaxial to
waveguide transition was attached to the system then to a Narda BroadBand high directivity
coupler. The coupler was used to hook up the spectrum analyzer and the power meters to the
system. It was also needed to cut down the power by 30 dB for the power meter and 53dB for
the spectrum analyzer for safe usage. (Fig. 64 and 65 depict this set up.)
A Hewlett Packard 8562A model spectrum analyzer was used to analyze the
microwave spectrum and make sure the frequencies generated were accurate. Two power
meters were employed to monitor the power in the experiment and the microwave leakage.
The power meter that was used in the experiment was a Hewlett Packard 436A that ranges
from 0 to 10 mW.
The Control box was mounted to the main ring stand and contained knobs and
switches that operated the VFM generator.

The power switch turned on and off the

generator. The mode switch changed the mode of the system from a stand by mode to the
running mode (stby and A). The KMC knob varied the frequency between 8.6 and 10.5 GHz.
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KMC literally is another way of writing GHz. The SLOW WIDTH KMC knob varied the
frequency range to sweep over and the SLOW CPM varied the frequency rate. A power stat
box was also used. This was a box with a dial on it that varied the power. A change in
power was only noticed between about 55 and 90 on the power stat. (Fig. 66)
As soon as the system was running a water load was used to absorb any microwaves
that the WR-284 Dummy load had not absorbed. The water system was set up using the
faucet. Nitrogen was flowed through the system during all experiments to prevent air heating
around the vessel in the waveguide. Nitrogen was turned on at the wall and sent through a
flow regulator through tygon tubing to the circular waveguide.

A Neoptix fiber optic

temperature sensor was used along with a Neoptix Reflex digital temperature reader to
monitor the temperature in the reactions. The cylindrical Teflon reaction vessel contained a
sapphire thermowell through the center for the temperature vessel.
The VFM waveguide set up stood about 8 feet high and was extremely heavy. Every
piece was securely set up on a ring stand with extra rods for support and many different
clamps were used to secure the apparatus.
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Figure 64: VFM wave-guide set-up: The large black box toward the back is the Radio
transmitter. The large tower is the waveguide, the tube coming out of the front is the air
line and the tubes connected to the top are for water. The spectrum analyzer and the
power meter can be seen in front.
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Figure 65: Close up of the 33mmWR159 X-band waveguide - the brass section in the
center is the circular wave-guide piece that contains the Teflon vessel

Figure 66: Control box and power stat
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Figure 67: Electric generator

A.3.2 Instrument Calibration

The KMC knob on the control box, which changes the microwave frequency is
inaccurate so a calibration was performed. The frequency on the knob is lower than the
actual frequency observed on the spectrum analyzer. The KMC knob says the frequency
range is between 8.5 GHz and 10.7 GHz when the true range is between 8.6 GHz and 10.5
GHz. The true frequency was recorded at every division on the KMC knob from lowest to
highest. Then three points were taken reducing the frequency to see if the instrument
reproduces the same frequency each time. The results are seen in Figure 68.

Network Analyzer Reading

Freq. Calib

y = 0.9631x + 0.5829
R2 = 0.9994

10.6
10.4
10.2
10
9.8
9.6
9.4
9.2
9
8.8
8.6
8.4

going up
going
down
Linear

8.4 8.6 8.8

9

9.2 9.4 9.6 9.8 10 10.2 10.4
Knob reading

Figure 68: Frequency calibration for the VFM: plot of the spectrum analyzer reading
vs. KMC knob reading
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APPENDIX B

YIELD AND CRYSTALLINITY CALCULATIONS

The yield (%) of silicalite obtained from a given synthesis was dependent on the
precursor composition, the composition of the product and, in some cases, the reaction
time and temperature. The percent yield obtained is defined by:

% Yield =

Mass of dried product recovered
Theoretical yield (mass)

The theoretical yield of silicalite is 1.23 for 15 g of synthesis solution.
The relative crystallinity was determined by comparing the relative peak
intensities of the patterns obtained to a standard pattern. The relative crystallinity was
used to give an estimate of zeolite conversion for SAPO-11 zeolite, AlPO-11 zeolite and
NaY zeolite. The dried powder products from these syntheses contained a fraction of
insoluble amorphous material when conversion to crystalline zeolite was incomplete.
Thus, the relative crystallinity allowed the amount of amorphous material in the powder
product to be accounted for.

Relative Crystallinity =

∑ Peak Intensity
∑ Peak Intensity at Full Crystallinity
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Figure 69 illustrates this procedure. Dried powder samples synthesized at
different times for SAPO-11 were scanned by XRD the intensity of the 020 and 002
peaks were used in the equation above and the crystallization curve was generated.
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Figure 69: The crystallization curves generation from the XRD data
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APPENDIX C
DOCUMENTATION FOR MICROWAVE CONTROL PROGRAMS
By Karl D. Hammond
August 2006
Updated October–November 2006

C.1 Theory of Operation

The purpose of these LabVIEW virtual instruments is to control the SAIREM
GMP 03 KE 0–300 W, 2.46 GHz microwave generator to output a microwave energy
field through a waveguide. It monitors the power measured and reflected by the
waveguide, and the two temperatures displayed by the fiber optic thermocouple(s)
mounted inside the sample using analog/digital (A/D) input ports on the Measurement
Computing USB-1208LS data acquisition board.
The power is controlled by a digital-to-analog output on the USB-1208LS. Since
USB only has a maximum output of 5 VDC, we employ a specially constructed circuit to
amplify the signal from 0–5 VDC to 0–10 VDC. The input to the generator is 0–10 VDC,
which produces 0–300 W on a linear scale.
The program updates five times per second, and keeps a record of the four
readings that it writes to disk once every second. The output of the file is as follows (the
character \t represents a tab):
day\t hr\t min\t sec\t TC 1\t TC 2\t W\t W Refl.\t Min. > 00:00\t sec. > 00:00
Note that the day is the 27 in “November 27, 1980,” the hour is the number of
hours since midnight (the 14 in 14:20, meaning 2:20 pm), the minute is minutes since the
beginning of the hour, and seconds is seconds since the beginning of the minute.
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Temperatures are in degrees Celsius. The last two columns represent minutes and
seconds since midnight, cumulative (which of course rolls over at midnight the next day).
This makes it easier to plot things versus time without multiplying by 60 so many times.

C.2 Starting From Scratch

If the generator is already hooked up, the software is installed, and the program
files are already copied to the hard disk, you should skip this section.

C.2.1 Connecting the Generator Electronics

The 2.45 GHz generator connects to the controlling equipment via a 37-pin
connector marked “Analog Remote” on the back of the generator. Pin 2 (Set Point) is
connected to the black (out) lead of the voltage amplifier. Pin 3 (Power Output) gets
connected to Port 7 (CH 2 in, HI). Pin 4 (Reflected Power Output) gets connected to Port
10 (CH 3 in, HI). Pin 6 (Remote Set Point) determines if the signal is set remotely, and is
connected to the yellow (MW power side) lead of the switching apparatus. Pin 7
determines if the generator is being controlled remotely, and should be connected to the
white (Logic side) lead of the switching apparatus. Pin 20 can be connected to any
ground on the A/D board (Port 19 works). Pin 21 (Power Output reference) should be
connected to Port 8, and Pin 22 (Reflected Power reference) should be connected to Port
11. Pins 23 and 24 should be jumpered (connected to each other).
The positive and negative leads from Termocouple 1 should be connected to
Ports 1 and 2, respectively, on the A/D board. The leads for TC 2 get connected to Ports 4
and 5, respectively. The red lead on the voltage converter needs to be connected to Port
14, and the green lead needs to be connected to Port 15 (or any other ground port).
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A summary of these connections is given in Table 29.

C.2.2 Computer Setup

Once all these connections are made, connect the universal serial bus (USB)
output of the A/D board to any open USB port on the computer that is to be used during
the experiment. Install LabVIEW on this computer if it is not installed already. Next,
insert the Measurement Computing installation disc in the CD-ROM drive and complete
the setup program to install the drivers. Finally, insert the Universal Library for
LabVIEW disc in the CD-ROM drive and follow the instructions on the screen.
Before doing anything else, run the InstaCal program (in the Measurement
Computing folder on the start menu). It should automatically detect the board and set it
up on Channel 0. If it does not, check the USB connections and/or uninstall and reinstall
the software. Next, open a blank VI in LabVIEW and make sure there is a section marked
MCC under the menu in the lower-left-hand corner that contains things like AIn.vi.1.
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Table 29: Connections required between the various components needed to run the
microwave generator through a computer. All pins not listed are unwired
Generator Pin

Generator Pin

2

Generator Pin

Generator Pin

Generator Pin

Output (black)

3

7

4

10

6

Yellow

7

White

20

19 (GND)

21

8

22

11

23 (jumper to 24)
24 (jumper to 23)
34

Green
1

TC 1 +

2

TC 1 −

4

TC 2 +

5

TC 2 −

3

7

21

8

4

10

22

11

20

14

Red

15 (GND)

Green

19 (GND)
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C.2.3 Copying VI Files

Once everything is installed, copy the following files to a folder on the hard drive:
• Get Voltage.vi
• Put Voltage.vi
• Continuous-program.vi
• Pulse-program.vi
• Sinusoidal-program.vi
There are three programs that are described in the remainder of this chapter; they
generate a continuous signal (that is, you specify the power and it does not change unless
you tell it to), a pulsed signal (a square wave), or a sinusoidal wave. The pulsing program
can also make triangular waves or sawtooth waves if you set the parameters
appropriately.

C.3 Continuous-Program.vi

This VI produces a continuous (constant) power level in the waveguide.

C.3.1 Front Panel

The power is plotted on the left-hand chart (Microwave Power) and the
temperature is plotted on the right-hand chart (Fiber Optic Temperature). To set the
power, enter a new number in the Power Set control and press Enter, or use the up/down
arrows to adjust up 1 W at a time. The power and reflected
Important: if InstaCal does not find the board and the USB connections are solid,
try reinstalling the Measurement Computing software. If LabVIEW’s menus do not
contain the MCC folder, you must uninstall the Universal Library for LabVIEW from the
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Add/Remove programs dialog in the control panel and then reinstall the software. If you
simply reinstall over the old versions, they will not work!
Power is displayed in the indicators Microwave Power Measured and Microwave
Power Reflected, respectively. Note that the generator is not perfect; the actual power and
the desired power may not match exactly. The temperatures are read from the indicators
underneath the temperature plot; if one of the thermocouples is not plugged in, the button
next to the readout should be deactivated (dark). When these controls are deactivated, a
value of NaN (not a number) is returned, which does not appear on the plot; if they are
active, the value read from the thermocouple is used.
Output File Name must be entered before or when the program is run; if it is
blank at the beginning of the program, you will be prompted for a path. To stop the
program at the end of the experiment, press the STOP button in the lower right corner.
One last technical note: the charts that display power and temperature are
waveform charts; as such, they output the number of samples on the horizontal axis and
the values on the vertical axis. To convert to time units on the horizontal axis, a scale
factor of 1 min/60 s/5 samples/s = 0.003333 min/sample is used on the horizontal axis.
The value of 5 samples/s is based on the value of 200 ms that the program waits for the
next multiple of at each iteration. It is for this reason that I recommend not changing the
value of the update period unless you know what else needs to change to make it work
correctly. A diagram of the front panel is included in Figure 69.

C.3.2 Block Diagram

The following paragraphs describe Figure 70 in detail. Before the While panel
executes, the program opens the file pointed to by Output File Name using the built-in
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function Open/Create/Replace File. If the file does not exist, one is created. Inside the
while loop, the program calls Get Voltage (see Section 6) to read a signal from Channel 0
of Board 0, which is connected to Thermocouple 1, using a range of ±10 V. This signal is
multiplied by 30 and then offset by −40 to convert to temperature. If the TC 1 On control
is active, this temperature is plotted as Fiber Optic Temperature (Plot 1). If TC 1 On is
inactive, no value (Not a Number) is returned instead.
Next, a similar signal is read from Channel 1, which should be connected to the
second thermocouple. This number is converted in the same way and sent to Plot 2 of
Fiber Optic Temperature, depending on the status of TC 2 On.
Toward the bottom left of the While panel, the program reads a signal from
Channel 2, which is connected to the power delivered output. This number is multiplied
by 30 to convert from 0–10 V to 0–300 W, and the result is stored in Microwave Power
Measured and the chart Microwave Power. The signal from Channel 3, power reflected,
is measured and converted in a similar fashion and stored in Microwave Power Reflected.

Figure 70: Front Panel for Continuous-Program.vi

159

Figure 71: Block diagram for Continuous-Program.vi

Please note that the If/Case Block in the upper right corner only has a TRUE
panel; the FALSE panel does nothing.
At the bottom of the diagram, the value specified by Power Set (W) is divided by
60 to convert from 0–300 W to 0–5 V; this number is set to Put Voltage (described
below) on Channel 1 with a range of 0–5 V; this is also sent to the indicator D/A out; this
indicator is hidden, but can be shown again if needed for diagnostic purposes. This signal
is what actually controls the power output.
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In the center of the diagram, the program calls Get Date/Time in Seconds, the
result of which it immediately passes to the library function Seconds to Date/Time
Record, which returns a cluster containing all the blocks of the time. This cluster is split
up and the first four elements (seconds, minutes, hours, days) are reversed and
repackaged into the first four elements of an array. The other elements of the array are,
respectively, Fiber Optic Temperature 1, Fiber Optic Temperature 2, Microwave Power
Measured, and Microwave Power Reflected.
The block in the upper left uses the iteration counter for the while loop; if it has
executed a multiple of five times, it executes the IF panel. Five times corresponds to the
number of iterations per second, which happens because of the value in the lower portion:
Wait Until Next ms Multiple waits until 200 ms have passed to go on to the next
iteration, so there are five iterations every 1000 ms.
So every five iterations, the function Write to Spreadsheet File is used to write the
array mentioned previously to a file. The name is given by Output File Name; the
Append variable is set to TRUE, the Transpose variable is set to FALSE, and the format
string is %.2f, meaning that each number is written to two digits after the decimal place.
This number can be changed if more precision is desired. At the lower right, the Stop
control terminates execution when the value becomes TRUE.

C.4 Pulse-Program.vi

This does everything Continuous-Program.vi does, and in addition allows you to
set the signal to “pulse” periodically at a specified interval. You can specify the high and
low power levels, the rise time, the interval between pulses, and the duration of the pulse.
You can also turn off the pulse, which has the effect of keeping the power level the same
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as it is at the time the pulse is turned off, which causes it to behave the same way as
Continuous-Program.vi. NOTE: The pulse is ramped between minimum and maximum to
avoid overshoot on the generator. The ramp has to know which direction (up or down) to
move and finds this out by determining which endpoint it is close to at the start of the
ramping period. In short, you cannot increase the maximum while at the maximum or
decrease the minimum while at the minimum. See the Front Panel descriptions section for
more information.

C.4.1 Front Panel

The indicators are all the same as in the previous section, and do the same thing.
Note that Power Signal (output) is now an indicator; you cannot change it directly. To
change it, change the pulse parameters described below. The new controls in this
program are: Pulse Maximum (W) The power, in Watts, delivered to the waveguide when
the pulse is at its maximum. This value should always be changed when the pulse it as its
minimum or when the pulse is turned off.
Pulse Minimum (W) the power, in Watts, delivered to the waveguide when the
pulse is at its minimum. This is typically left at zero. This value should only be changed
when the pulse is at its maximum or when the pulse is turned off.
Pulse Duration (s) Time, in seconds, that you want the pulse to stay at its
maximum value once it reaches that value.
Pulse Interval (s) Time, in seconds, that you want the pulse to stay at its minimum
value once it reaches that value.
Ramp Time (s) Time, in seconds, that you want the generator to take to “ramp” up
and down; setting this to 0 s (or anything less than 0.2 s, which is the interval between
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iterations) produces a square wave; this is not recommended, as the generator’s safety
mechanism may simply turn the generator off to avoid overshoot. To produce a triangle
wave: specify a long time here and a zero duration and interval. Note: it is not possible to
produce a sine wave with this program; the program in Section 5 was written specifically
for this purpose.
Pulse Active If in the up position (TRUE), the program will use pulsing. If in the
down (default) position (FALSE), the pulse will cease and the signal will remain at the
value it was at when the pulse was disengaged.

Figure 72: Front panel of Pulse-Program.vi

Reset Pulse This button should be pushed if the pulse gets “stuck” in the middle.
This should only be necessary if Pulse Minimum (W) or Pulse Maximum (W) are
changed at inappropriate times (see above). The front panel is shown in Figure 71.
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C.4.2 Block Diagram

Everything to the left of the Start Ramp is described in Section 3, and will be
mitted here. The diagram itself is reproduced in Figure 71.
4.2.1 Hidden Variables Start Ramp
This determines whether the conditions to start the ramp have been met. The ramp
actually commences when this indicator becomes TRUE. During the ramp or during a
holding period, this variable is set to FALSE.
Ramp On This determines if the ramp is actually on. When the signal is constant,
this variable is set to FALSE. When TRUE, the value can be changed. Pulse Timer This
is the variable used to time the ramp. The initial (default) value is zero.

Figure 73: Block diagram for Pulse-Program.vi
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Note that the blocks beneath the main diagram are the hidden panels of the
If/Case or Sequence blocks. The size of each block has been preserved for reference.
Only blocks that contain something interesting are shown; if the hidden panel contains
nothing, it is omitted.
Ramp Target the value to which the ramp is proceeding. It is equal to either Pulse
Maximum (W) or Pulse Minimum (W), whichever is in the correct direction at the time.
Ramp Start the value from which the ramp is proceeding. Ramp Increment Equal to
(Ramp Target − Ramp Start) ÷ Ramp Time (s), this determines how much to add to the
signal at each iteration while the ramp is on.
4.2.2 Description of Block Diagram
I am starting from the Ramp On statement (the rest is described in Section 3). If
the ramp is on (Ramp On is TRUE), the program selects the next output during the
ramping interval. It subtracts Ramp Target from Power Signal (output), takes the absolute
value (it will be negative if the ramp is going up instead of down), and compares that to
the absolute value of Ramp Increment. If Ramp increment is larger, it means you have
reached the bottom of the ramp cycle; instead of continuing the ramp, the ramp should be
disengaged. It therefore executes the TRUE branch of the if panel, which sets Power
Signal (output) to the value of Ramp Target and ends the ramp by setting Ramp On to
FALSE.
If, however, Ramp Increment is smaller than Power Signal (output) −Ramp
Target, the ramp should continue. It thus executes the FALSE panel, which adds Ramp
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Increment to the power signal and stores the result in Power Signal (output). If the ramp
is off, Ramp Start is set equal to Power Signal (output); this prepares the ramp to start at
the appropriate place if it is turned on again.
The next panel down is an if panel wired to the Start Ramp hidden control. The
TRUE panel divides the ramp time by the number of seconds per interval (which is set to
0.2 and should not be changed). It then subtracts Ramp Start from Ramp Target and
divides the result by the first quotient, storing the result in Ramp Increment. This serves
to determine the amount the power should be changed by at this particular step in order to
reach the ramp target over the period of time specified by the ramp.
It then turns the ramp on (Ramp On = TRUE) and sets Start Ramp to FALSE now
that the ramp has begun. The FALSE panel connected to Start Ramp does nothing. The
block at the bottom is the same as the one in Continuous-program.vi, with one exception:
it contains a division block which returns the period of the while loop, in seconds. This
serves to update the pulse timer and to set the ramp rate.
The if panel immediately to the right serves to reset the pulse if it gets “stuck” in
the middle of the interval. Please be aware that the pulse will only get stuck if the
suggestions above about when not to change the pulse limits are ignored! To execute the
TRUE block, the pulse must be active and the reset button must be pressed.
The FALSE block does nothing; the TRUE block sets Ramp Target so as to go to
the bottom of the interval. It then puts the additive opposite of Ramp Time (s) into Pulse
Timer so as to not count the ramp time as part of the pulse interval. Finally, it turns the
ramp off (in case it was on by mistake) and starts the ramp so that it goes in the correct
direction.
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The large if panel on the right of the diagram serves to activate or deactivate the
pulse if it is appropriate to do so. If Pulse Active is FALSE, nothing happens. If it is
TRUE, it executes the TRUE panel, which I will now walk through. First, if both |Power
Signal(output) − Pulse Minimum (W)| < |Ramp Increment| AND Pulse Timer > Pulse
Interval (s) are TRUE, we add 1 to the value passed to the Case statement on the right.
Similarly, if Pulse Timer > Pulse Duration AND |Power Signal (output)−Pulse Maximum
(W)| < |Ramp Increment|, we add two to that value. The block at the bottom left serves to
time the pulse by adding the time increment to the timer.
The Case statement at the right takes a number between 0 and 3; the default case,
corresponding to both AND conditions described above evaluting to FALSE or both
evaluating to TRUE, does nothing (meaning that if the signal is at the upper or lower
limit, within tolerance of the ramp increment, stay at that level because that is where it is
supposed to be). Case 1 (power is near the minimum level) first sets Ramp Target to be
equal to equal to the maximum of the pulse and seeds the pulse timer with enough time
such that the pulse timer reads zero once the power signal has ramped to the desired
value; in the next sequence, it starts the ramp. Case 2 (power is near the maximum level)
first sets Ramp Target equal to Pulse Minimum (W) (meaning the ramp goes down from
there), and then seeds the pulse timer; in the next sequence, it starts the ramp.
The block below the Case statement serves to correct the power signal if someone
changes the parameters such that the power is outside the interval it is supposed to be in.
Note this cannot be done for anything inside the interval because the ramp must be
performed at some point. Basically if the signal is outside the pulse range, it sets the ramp
target to return the signal to the closest boundary, then starts the ramp.

167

The block in the corner makes certain that the ramp is turned OFF when the
program is stopped. This ensures that the program is in its default configuration when the
program starts back up.

Figure 74: Front panel for Sinusoidal Program.vi

C.5 Sinusoidal-Program.vi

This sends a sine wave to the generator. There are only two new variables:
Amplitude (W) and Period (s). Note that there is no phase: the signal must start at 0, so
the phase angle is also 0. It is important to note that the signal is discretized to a sampling
rate of five samples per second by default. The front panel is shown in Figure 73.
The only change from the block diagram of Continuous-Program.vi is that the
Power Set (W) control is replaced by an indicator, which receives a sine wave signal. The
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wave is generated by using the increment of the while loop (the number of iterations),
divided by five to put it in seconds, dividing that by the period to give it the appropriate
frequency, and multiplying by 2_ to convert to radians. These are fed into Sine (a
standard function). The sine is multiplied by the amplitude, and the answer is sent to the
D/A board. Note that if the update period (200 ms by default) is changed, the number to
divide the interval by must also be changed, as well as the scaling on the charts, and
anything else that depends on time. The diagram is shown for reference in Figure 74.

C.6 Get Voltage.vi

The purpose of this function is to condense the process of reading a voltage from
the A/D board. The panel is never seen and is self-explanatory, so it is omitted here; all
data types are given on the block diagram.

C.6.1 Inputs

The following arguments can be (or should be) passed to this function when it is
called: BoardNum The board number, as assigned by InstaCal. The default is zero; if the
terminal is unwired, it will read from Board 0.
The channel from which you wish to read. If the board is wired up as suggested
above, Channel 0 (Pins 1 and 2) corresponds to the 1000 Torr transducer, Channel 1 (Pins
3 and 4) to the 1 Torr transducer, Channel 2 (Pins 5 and 6) to the 0.1 Torr transducer, and
Channel 4 (Pins 9 and 10) to the dosing volume transducer. A diagram of pinouts for the
A/D board is available in the manual for the board itself.
This tells the board what range to convert. It converts the voltage between the
pins to a 12-bit number (between −211 and 211−1) over the range specified; thus −2048
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corresponds to the bottom of the range, and 2048 corresponds to the top of the range. For
a transducer calibrated to 0–10 VDC, the default range (±10 V) should be used. For a
transducer calibrated to read from 0–5 VDC, the ±5 V range should be selected. Possible
ranges for the A/D board employed in the system (USB-1208LS) are ±10, ±5, and ±1
VDC.

C.6.2 Outputs

Volts Out the voltage, converted to a real (single-precision) number, as read from
the channel specified.

Figure 75: Block diagram for Sinusoidal-Program.vi

Note that the FALSE panel of the If/Case block is blank, since we do not want to
output the measurements to a file if the condition is FALSE.
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Figure 76: Block diagram for Get Voltage.vi

Note that the front panel can be anything, so long as the data types are as shown
here and the connector is connected as shown in the icon below the section heading.
Combined Error Message If the subroutine loses communication with the A/D
board, the error message is returned by this function. This is for both the reading and the
converting process (hence “combined”).

C.6.3 Description of block diagram

The function AIn (which is installed by the Universal Library for LabVIEW
installation disk) accepts the board number, channel, and range as passed to the function
and returns the number and the error message (if one occured). The error message is
passed to the Error Handling function (also installed by UL for LabVIEW). The number
is processed through the ToEng function (UL for LabVIEW again), which returns the
corresponding voltage as measured. The error messages from the two functions are
concatenated, and dumped to the error indicator. The diagram itself is included in Figure
75.
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C.7 Put Voltage.vi

The purpose of this function is to condense the process of sending a voltage to the
D/A board. The panel is never seen and is self-explanatory, so it is omitted here; all data
types are given on the block diagram.

C.7.1 Inputs and Outputs

The following arguments should be passed to this function when it is called:
BoardNum The board number, as assigned by InstaCal. The default is zero; if the
terminal is unwired, it will write to Board 0.
“Channel” The channel to which you want to write. This should be either zero or
one for the board in question. Make sure that the channel you to which you are writing
actually works.
“Range” This tells the board what range to convert the signal over. It converts the
voltage between the pins to a 12-bit number (between −211 and 211 − 1) over the range
specified; thus −211 corresponds to the bottom of the range, and 211 corresponds to the
top of the range. The default range (0–5 V) should be used; the D/A channel can only
output 0–5 V, as 5 V is the maximum output from a USB port. Volts In The value, in
Volts, of the signal you wish to send to the D/A channel. The only output is an error
message, which can be ignored if the device is working properly.

C.7.2 Description of Block Diagram

First, the board number, range, and voltage input are passed through the function
From Eng (which is installed by the Universal Library for LabVIEW installation disk),
which converts the voltage from engineering units (that is, Volts) to a number between-
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2048 and 2047 as specified by Range. The function returns an error if it was unable to
read any of these numbers; if successful, it passes the converted value to the function
AOut (which is also installed by the Universal Library for LabVIEW installation disk).
AOut also requires the board number, channel, and range as passed to the function. It
sends a voltage, as specified, to the D/A channel specified by Channel and returns an
error message (if one occurred).
The error messages are passed to the Error Handling function (also installed by
UL for LabVIEW). The error messages from the two functions are concatenated, and
dumped to the error indicator. The diagram itself is included in Figure 76.

Figure 77: Block diagram for Put Voltage.vi

Note that the front panel can be anything, so long as the data types are as shown
here and the connector is connected as shown in the icon below the section heading.
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APPENDIX D

MARS® AND DISCOVER® OVENS

D.1 Equipment Description

The MARS®-5 and the Discover® are commercially available microwave ovens
manufactured by CEM Corporation. The MARS®-5 has a multi-mode cavity similar to
that of a household microwave oven. The internal dimensions of the microwave cavity
are 420 (width) × 340 (depth) × 330 (height) mm. It is capable of providing continuous or
pulsed power up to a maximum of 1200 watts at a frequency of 2.45 GHz. Synthesis
solutions were heated in a 100-mL cylindrical GreenChem Teflon autoclave which was
rotated on a carousel to promote even exposure to microwaves. The cylindrical vessel had
an internal diameter of 33 mm and an internal height of 117 mm. The vessel was placed
inside glass fiber insulation sleeves which were held in a polypropylene frame.
The Discover® system has a torroidal single-mode cavity which provides
microwave energy focused into a reaction vessel as shown in Figure 79. This was
designed to generate a more even microwave field pattern in the reaction vessel. The
Discover® system provides microwave energy continuously up to a maximum of 300
watts at a frequency of 2.45 GHz. The reaction vessels used for synthesis in the
Discover® was either a cylindrical Teflon vessel or a glass vessel coated with Teflon. The
Teflon vessel had an internal diameter of 29 mm and an internal height of 100 mm. The
Teflon coated glass vessel had an internal diameter of 30 mm and a total internal height
of 115 mm.
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Figure 78: MARS®-5 microwave oven

(b)
(a)

Figure 79: (a) Discover® microwave oven, (b) Discover® microwave oven cavity
schematic.

The pressure in the reaction vessels was monitored using a transducer attached to
a port above the reaction vessels. Temperature monitoring was accomplished with a fiber
optic probe contained in a sapphire thermowell running through the center of the reaction
vessel. The sensor of the fiber optic probe was positioned at the bottom of the reaction
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vessel in a sapphire thermowell. The temperature and pressure sensors used for the
commercial microwave ovens were supplied by CEM corp.
The power output of the CEM microwave ovens was controlled automatically to
reach and maintain the desired reaction temperature. An initial power of up to 300W was
applied to rapidly heat the precursor gels from room temperature to the desired reaction
temperature within 2 minutes. After this initial temperature ramp, the power output of the
microwave was automatically adjusted to a lower power level. In the MARS®-5, the
magnetron was intermittently turned on and off (pulsed), and the power level was
controlled to maintain the reaction temperature. The magnetron in the Discover® oven
was continuously on, and only the microwave power level was controlled.

D.2 Temperature and Pressure Data Acquisition from the MARS® Oven

* Make sure the com1 serial cable is connected between the computer and the oven.
1. Launch the hyperterminal: start-all programs-Accessesories-communication-hyper
terminal
2.type any arbitrary name in the popup window
3. Hit enter then make sure that com1 is selected as your port of connection
4. Hit Ok, then select the following setting:
Bits per second: 4800
data bits:8
parity: None
stop bits:1
Flow control: none
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Hit OK, now if you turn on the oven heating method the data should appear on the
computer
To send the data that appear on the hyperteminal window to a file (you should
always do this before you start the heating method) go to "transfer" tab click on “capture
text” then browse to where you want the file to be saved and give it a name then hit ok
then hit start.
If you are Using MARS®-5 the data appear as
“Time

Pressure

Temperature”

If you are using MARS-Xpress® the data appear as
“Time Pressure Temperature

Power”

Note that you can enable the temperature and/or the pressure to be measured or
not. On the microwave oven front panel go to "Select" choose "sensor" then choose
pressure or temperature hit select then choose the sensor to be "none" this way the oven
won't measure that sensor. This is useful if you are using a vessel that doesn't have a
pressure outlet compatible with the pressure sensor then you can tell the oven to ignore
the pressure signal.
Once you are done with you experiment you can just close the hyperterminal
window without saving since the data already transferred to the file you have created.

D.3 Temperature and Pressure Data Acquisition from the Discover® Oven

•

Make sure the “com” port is connected between the computer and the oven.

•

Double click the “ChemDrive” icon on the desktop. Enter “cem” as username and
then hit return, there is no password.
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•

First go to “method” you can either load an existing method or create a new one.

•

Use standard method with water being the solvent. You can choose the maximum
power, ramp time, hold time, and the temperature set value. You can also use
stirring.

•

Save your method. You can run the method by simply licking on the green “play”
button

•

You can change all the method parameters interactively as the method is running
by clicking on the blue icon for each parameter on the top right bar. You can also
activate simultaneous cooling (see Fig. 79)

Figure 80: Setting up new method on Discover system
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•

As the method is running temperature, pressure and power will be plotted on the
screen.

•

To access the value to these data, go to “view” >”data” a new window will pop up
you can choose the run you are interested in viewing and the data will be plotted
on the screen. To save the data as a “text” file, go to “File”>”Save as”(see Fig.
81)

Figure 81: Data acquisition from the Discover system
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APPENDIX E
DIELCETERIC MESURMENTS FOR ZEOLITES PRECURSOR SOLUTIONS

E.1 Dielectric Constants

The dielectric constants (ε’and ε”) for silicalite, SAPO-11 and NaY zeolite
precursor solutions were measured using the network analyzer system as described in
Chapter 2. Figures 82-84 show these data
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Figure 82: Dielectric measurements for silicalite, (a) ε' (b) ε" and (c) penetration
depth
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Figure 83: Dielectric measurements for SAPO-11, (a) ε' (b) ε" and (c) penetration
depth
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E.2 HFSS Simulation

HFSS (Agilent) software was used to simulate the microwave field inside a 33
mm vessel contained silicalite synthesis solution heated in a waveguide at 2.45 GHz.
These simulations are shown in Figure 85 (courtesy of Fan Lu’s M.S. Thesis)

Figure 85: E-Field distribution for silicalite precursor solution in a 33 mm vessel
heated in a circular waveguide at 150 oC
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